ANSWERS

Chapter 1: Atomic Theory and Structure

1. (B) The mass number of cadmium is 112, nat the atomic mass (the weighted average of
the naturally occurring isotopes), 'The mass number will always be a whole number because
it is the sum of the number of protons and neutrons {collectively called the nuclzons, refer-
ring to their location in the nucleus) in an atom. ‘The number of electrons and protons will
always be the same in a neutral atom because they are the only negatively and positively
charged (respectively) particles in the atom. The azomic number is the number of protons. T
determines the identity of the atom, so finding cadmium on the periodic rable will rell us
its atomic number. If we subtract the atomic number from the mass number, we get the
number of neutrons in that particular isotope.

2. (E) Location E on the periodic rable is in the vicinity of francium. Francium has a half.
life of just 22 minutes and is the second rarest naturally occurring element (astatine is the
rarest). It is doubtful anyone has actually reacted francium with water, but if it behaves as
expected, it would certainly be a spectacle. In general, but moreso for the alkali metals at the
bottom of the group (with the largest atomic radii and the lowest first fonization energies),
the reaction is highly exothermic, partly because the reaction produces a strong base whose
total dissociation in water is highly exothermic. The reaction also produces energy in the
form of light and Hz(g When added to water, the interior of a piece of sodium metal, for
example, will melr before it is consumed due to the high tem perature produced by the reac-
tion (the mekting point of Na is ~800°C). In addition, the high heat ignites the Hlammable
H g that is produced.

3. (B) The location of B on the table is in the halogens, specifically fluorine. Fluorine does
not have the highest ionization energy of i/ the elements, just the elements we’ve been
given to choose from in this question. Helium is the clement with the highest first ionization
energy. First ionization energy is the minimum amount of energy required ro jonize a ground
state, gascous atom by removing an electron. The result is a cation. In general, the first ion-
ization energy is low for metals and high for nonmetabs. (See the figure in Questions 21 and 22
to compare the first ionization energies of elements 1—-20.)

4. (B) The location of B on the table is in the vicinity of the halogens, specifically Auorine.
Fluorine is the element with the highest electronegativity. Electronegativity is a measure of an
atom s ability to astract electrons to itself while in & bond (within a molecule). Because the mea-
surement of electronegativity of an atom relies on the atom being in a bond, the noble gases
He, Ne, and Ar do not have measuredivalues for clectroncgativity. ‘The ionization energies
of the valence electrons in Kr, Xe, and Rn are sufliciently low, allowing these noble gases to
form covalent bonds with other atoms {mostly those with a high electronegativity, like F,
whose electron-attracting abilities are strong enough to force the Kr, Xe, or Rn atoms to
share their electrons) and therefore have their electronegarivities assessed.
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5. (C) Electron affinity is the measure of the encrgy cba'nge that occurs when an e[ec;mnel is a:ifii
to a ground state, gaseous azom. Aroms that have a high affinity, or attraction, for tlsi: rc ons
have very negative electron affinities. The periodic trend for electron aﬂi.mty is gcnerahy_ -
related with electronegativity, so regions B and C are the top contendets for answedr cl 01cl .
However, there are some important differences. All the m')b_le gases have mezsurcd ckjct{o:
affinity (the lightest three have no values for electronegatlv-lty, see A{'ISV!I::I' ) an fﬁ;r:tzl,
not fluorine, has the bighest eleceron affinity. Electron aﬂlimFy d-oesn tc angfe Slgl::l . _)11
within a group, and it can be thought of as the reverse ionization energy o anda omCl) !
anion. For example, the energy change to remove an electron from CI™ (to [é:lo uce .
349 kJ mol™ (endothermic), and the energy change to add an electron to Cl to produce
Cl- is —349 k] mol™! (exothermic).

6. (E) Location E on the periodic table is in the vi-cinity_ of franci}lrn, wh_ic(lil rrug)ht h-a‘ﬁ tl;e
largest acomic radius if it were known {with a half-life of ]l.’lst 22 minutes, it cluleiln {_t‘1 ex:j :{) eg
enough to do the necessary measurements). Atoms (?on t havcl: a Zsh_arp, well-de ,Hr:c e gi(,:
so their bonding atomic radis is used to infer the radius of an individual atom. e jo{x[lh
radius is measured while the atom is in a bond with another atom of the same kind. The
distance between the two nuclei is measured and then divided in half. What we do know
is that cesium has the largest atomic radins of the elements mea:mred so far. (See Answer 10
for an explanation of the periodic trend regarding atomic radius.}

7. (E) Metallic character is not something that is specifically measurc:d. Itisa _set of szﬂ-
ties given to metals, but the properties are due to one of t'hc most basic properties :1)1f mfm ;
their readiness to lose electrons. This is due to metallic bonding, which can I?e thought o ash the
most “sharing” form of bonding, Metals are lattices of positively charged ions ﬁha; are bat ing
in a sea of elecerons. These electrons are highly mobile and account for nearlyl all d ozl propcrtll:s
of metals, especially their electrical conductivity. The Weal.( pull on |:hle valence electrons 31/
the nucleus allows them to be pulled off easily, resulting in the low ionization ener‘glvml anl
the relatively strong tendency of metals to lose clectronsland take on (almost) e:fc; umze y
positive oxidation stares. Metals with the highest metalh.c chal_racter can ble consi er];: as
those having the lowest fonization energies, though this is a bit of a simplification {bu it
will worlc for the AP Chemistry exam).

8. (C) The atomic mass of bromine is almost 80, The two isotopes are of malsse}s1 79 ar_):}l E l‘:.l
The average of these two numbers is 80, and that implies the masscs were equally weig d(.:f
in the calculation. Remember, different (narurally occurring) isotopes of atoms exist 1[1h1-—
ferent quantities. These are accounted for in the aromic mass calcullar_lon according ;o }; ilr
percent natural occurrence. Remember, the atomic mass is l:he_ weighted average of 2/ the
naturally occurring isotopes of an element. (Question 9 is similar.)

9. (C} The rhree isotopes of St are 86, 87, and 88. If they occurrf:c.{ in equal numbers,bthE:}r
atomic mass would be the average of their mass numbers, 87. Smce_the mass pumbet is
greater than the average, the isotopes of higher mass must be present in g'reater quantities.
Additionally, because the atormic mass is closer to 88 than 87, we can predict the occurrenct}
of the 88 isotope as the highest. Although (E) is mostly tljllC—thE natural occurbrence g
isotopes 86 and 87 are 9.9 percent and 7.0 percent, respecuvely,_anfi t.hat cannot be estab-
lished from the information given in the question. (Question 8 is similar.)
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10. (D) Atomic radius decreases from left to right along a period. This is due to the shield-
ing effect of the core electrons {this doesn’t apply to atoms with one electron, such as
hydrogen, or a He* jon). All the elements in a particular period have the same configuration
of core electrons. These electrons shield the valence electrons from the pull of the nucleus.
The effecrive nuclear charge is calculated Z,e=Z — § (Z.g is the effective nuclear charge;
Z is the atomic number, a.k.a, the numbef of positive charges in the nucleus; and § is the
number of nonvalence, or core, electrons). The Z g for all the atoms in a period gets larger
as the number of positive charges in the nucleus increases, but the number of nenvalence
(core) electrons doesn’t. An increased effective nuclear charge means the valence electrons
feel a greater pull from the nucleus, and can thus be found doser to the nucleus than the

electrons in atoms with lower values of Z g, (See Answer 6 for an explanation of how atomic
radius is measured.)

11. (C} The alkali metals form strong bases when they react with water, not strong acids.
(See Answer 2 for a description of the reaction of alkali metals with water.)

A general strategy for exeept questions: The except questions are tricky, even if whar they are
asking is not. Our brain doesn’t think in the negative, so a good habit to get into is to circle
the word except in the question to remind us that we are looking for a false statement, then
treat each answer choice as either true or false, marking each choice as we go. At the end of
choice (E), we choose the false one as our answer.

12. (D) This question is asking if we know thar ground state elements in the same group
have similar properties. Phosphorus and astatine are both in group 15 (SA) so their valence
shell electron configurations are both s2p3, conferring on them similar chemical reacrivities,

Sulfur, selenium, and oxygen are in group 16 (’p"), while silicon is a group 14 semimetal
(metalloid) with valence shell electron configuration of s’p?.

13. (B} This has a simple mathematical solution—rake the atomic number (which will tell
us the number of electrons in a neutral atom) of the element and add the absolute value
of the negative oxidation states (more electrons) and subiract the absolute value of the posi-

tive oxidation states. F~ (9+1) and Na* {11-1) both have 10 electrons and are therefore
isoelectronic.

We can also arrive at this answer by finding one of the elements in each pair on the periodic
table and moving one element to the rigH\t\for each negative charge and one to the lefi for
each positive charge. If the two elements we are comparing lead us to the same element once
we've accounted for their oxidation state, then they’ve got the same number of electrons.
For Na* and F~, this element would be neon. The same number and configuration of elec-
trons does nor correlate with similar chemical reactivity in ions. F~ and Na* are like neon
in that they have a full valence shell and both are more stable and less reactive than in their
ground state, but they are charged and therefore behave like ions, Their jonic radius also
differs due to their different nuclear charge (see second paragraph of Answer 15).

4. (D) See Answer 13, keeping in mind that the iodide ion has 54 ¢lectrons.
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15. {C) lonic radius is #o# the same as atomic radius {described in Answer 6). In an ion, the
pumber of electrons does not equal the number of protons. Atoms become ions because they
gain or lose electrons (not protons), so ions that are positively charged will be smaller than
what they are when in their ground state (same effective nuclear charge pulling on fewer
electrons), whereas negatively charged ions will be larger when they are in their ground state
(same effective nuclear charge pulling on more electrons).

For isoclecitonic ions {(ions with the same number of electrons), the ionic radius
decreases with increasing nuclear charge. For example, O > "> Nat > Mg?* > AP*.
This is because the same number of electrons are being pulled by an increasing number
of protons. (Seec Answer 10 for an explanation of how size is affected by shielding.) For
atoms of the same charge (and in the same group), the size of ions increases as you go down
the group. Keep in mind that ionic size is an important determinant of lattice energy (see
Answer 52 for a description of the factors that affect lartice energy).

16. (D) The first ionization energies of Kr, Xe, and Rn are sufficiently low to allow these
noble gases to form covalent bonds with other atoms. Krypton difluoride, KrF,, was the
first compound of krypton discovered. Xenon can form compounds with oxygen (XeO3
and XeO,) and fAluorine (XeF, and XeFg). Radon appears to form compounds with fluorine
(RnF,). Notice that oxygen and Auorine are highly electronegative atoms. It is their strong
clectron attracting abilities that force Kr, Xe, and Rn atoms to share their electrons and form
covalent bonds. (See Answer 11 for an excepr question strategy-)

17. (B) The operative word in this question is diazomic. The noble gases are monatomic
and so any answer choice that contains a group 18 gas is incorect. With the exception of
astatine, which is more metallic than the rest of the elements in the group, all of the halo-
gens (group 17) are diatomic in their standard states, but only F, and Cl, are gases. Br; is
a liquid and I, is a solid.

18. (C) The actual pattern of atoniic size is not as regular as our general trend describing
it. 'The transition elements present some exceptions. For example, the atomic radius of
the manganese group {7) and the copper group (11) have larger atomic radii than those to
the right and left of thosc clements. But for elements with erdy s and p outer elections, the
atomic size decreases only from left to right.

19. {D) Lonization enerpy is an indicator of effective nuclear charge. (See Answer 10 for an
explanation of effective nuclear charge and the figure accompanying Questions 21 and 22
for a graph of ionization energjes.) “The other choices are incorrect because (A) has nothing
to do with effective nuclear charge, (B} and (C) are false, and (F) states the apposite effect
of shiclding on ionization energy. Less shielding = higher ionization energy. (Because the
effective nuclear charge is larger with less shielding, the nucleus pulls more strongly on the
electrons. This is evident because more energy is required to remove the electron.}

20. (D) The table lists successive ionizarion energies, the minimum energy requirements
for the further ionization of an element {by removal of successive elecirons). From the table,
we see that 786 kJ of energy per mol of silicon is required to remove the first electron
(a p? electron), leaving Si*. Removing angther electron (the p") requires an additional 1,577 k]
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for per mol Si”. The trick to answering this kind of question is to find 2 very large “jump” i
tonization energies. For silicon, ir’s between the fourth and fifth ionizatiorr{s Tgheis J'mél'P o
thar the fifth ionization energy is “digging into” the core electrons becausc-a.l[ rho;n llcatcs
electrons have been removed. Now we know we're basically looking for an elem. V: ef'lcl:
F()lll: va!ence electrons. The other elements in group 14 will show agsimilar trcm;: in e
cessive ionization energies, but the absolute iumbers will, of course, vary from lc:)w:err1 :ﬁ:{;

those for Si (Ge, Sn, Pb) and higher for C.

21. (D) Elements of atomic numbers 2, 10, and 18 are He, Ne, and Ar, respectively. Th

IlOIflilf.‘ gases have the highest first ionization energies. The large drop in ’ionilz)ation E)I:C i
mainly because the elements of atomic number 3 (Li), 11 (Na), and 19 (K) have s! clec]fy .
that are far from the nucleus. It is both this large radius and the lower effective n lo ns
charge (which is one of the reasons for the large radius) that make the energy requireﬁfe:li;

for removal of this electr
on so low. Generally, the size of the indi
atom indicates the
the nucleus’ pull on the electrons. strength of

We n.eed to be careful, however, as there is another way to think about this: The force of

eleceric field produced by a charged particle is inversely related to the square. of the dis[t:’nril N
In other words, double the distance, and the force decreases by one-fourth. The effecti .
nuclear charge is 70z the only determinant of an atom’s size; for larger atoms. we mu tha;"’c
consider that che distance between an electron and the nucleus will signific ,ntl f ) rlslo
force of the pull experienced by the electron. sy e e

Electron affinity is a measure of the energy change that occurs when an electron is added to a
ground state, gaseous atam. Atoms 2, 10, and 18 don’t have 2 high electron affinity because
they have full valence shells and much energy must be added to overcome the repulsio

of the elef:trons alteady in the atom (like charges repel). Atoms that have a high Efﬁni .
or attraction, for electrons have very negartive (exothermic) electron affinities. The eg—’
f)dlC trend for electron affinity in generally correlated with elecironegativity, but.with s[;me
important differences: (1) All the noble gases have measured electron afﬁn,iry (though th

lightest three have no values for electronegativity) and chlorine, not fluorine, has the highf—:
est e!ectron affinity. (2) Electron affinity doesn't change much within a grouj (3) Electron
affinity can be imagined as the reverse ionization energy of an atom’s —1 anionp.For example

the energy change to remove an electron fiom Cl~ (to produce Cl) is 349 kJ r;'lol_l, andFt,hf,:

energy change to add an electron to Cl 1o produce Cl™ is —349 k !
more on first ionization energy.) P 734 ol (Sec Answer 3 for

22.. {D) Statements I and IT are correct. Statement I11 is not entirely correct because filled
orbitals are not necessarily more stable. For example, the drop between elements 7 and 8 i

due to the repulsion of the second electron in the p, orbital, Having one electron in ea ;
px orbiral is more stable than having two electrons in one orbital and one in the other 2 (tf1

Py and p, Jorbita]s). The information we need to answer the question is all in the graph t':ver:3
if we don't know why. All we need to do is compare the ionization energy with the elcjctron
configuration using our periodic table.

23. () Sec Answers 13 and 15 for strategies to compare atomic and ionic radii,
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24. (B) We need to look for clectron configurations that have electrons missing from
lower energy subshells. We need to be careful, however, because the people who write the
AP Chemistry exam often list 3d before 45, and so it looks like the 4s is the highest energy
subshell if we’re not paying artention. In choice (B), the 2p subshell has only five electrons
instead of six, and yet the 3s subshell is filled. This indicates that a 2p electron jumped into
the 3s orbital (which was already occupied by one electron) by absorbing energy.

25. (A) Gallium is a group 13 element, meaning its one valence electron is in the p, orbital.

26. (C) Catbon has two p electrons, each of which is unpaired in their respective p, and
p, orbitals.

27. (C) We need to make sure we don’t confuse energy Jevels (n=1, 2, 3, etc.) with the s,
p.d,and f sublevels (subshells). Carbon has two p electrons, each of which is unpaired in
their respective 2p, and 2p, orbitals.

28. (B) Technetium has no stable isotopes and is the atom of lowest atomic number for
which that is true. Nearly all Tc is produced synthetically. Naturally occurring Te is pro-
duced by fission in uranium or by neutron capture by molybdenum.

29. {(C) Sodium, and all the group 1 alkali merals, are highly reactive in their ground stare.
In particular, they react with water (even in the atmosphere, which is why allali metals are
stored in oil) to form H gas and a strong base (NaOH in this case). (See Answer 2 for a
more detailed description about the reaction of the alkali merals with water.)

30. (A) Helium. Because of the small radius, helium’s complete and stable valence shell of
electrons, and its high effective nuclear charge, He has the highest first ionization energy
of all the elements.

31. (D) We are looking for an atom with an incomplete lower subshell or orbi tal. Atom D,
sodium, has two elecirons in its 35 subshell, bur only one electron in the 2s subshell.

32. (B) Boron is an exception to the octet rule. The mnemonic “B is happy with 3” reminds
us that boron can form compounds with just three bonds joining it to the other atoms. In
these compounds (like BHs), the boron atom has no lone electrons, so both the electron and
molecular geometry are trigonal planar. {See Answer 62 for more on boron.)

33. (E) Nirrogern. Only count the electrons in the s and p orbitals of the highest (but same)
energy level (n) as valence electrons.

34, (E) Nitrogen. 'The standard state form of nitrogen, N, makes up about 78 percent
(tnol fraction) of the earth’s atmosphere.

35. (A) Helium. Atoms form compounds to complete their valence shell. All the noble
gases have a complete valence shell, which is why they are monatomic gases under standard
conditions.

36. (A) An excited hydrogen atom.We ate looking for an atom with an incomplete lower
subshell or orbital. Arom A has an electron in its 2s subshell, but not the 1s oxbital.

Answers ¢ 137

3'7. {E) Cobalt, The- cations of transition elements produce colored compounds and solu-
tions, so we are looking for elements in which the electrons of highest enetgy level {(which

may not be the highest in value) are in d orbitals. Cobalt produc
; . S - €5 IMAagernt: b i
depending on its oxidation state (II or I, respectivcly).P genea or blue soludons

38. (C) Neon. An unreactive atom is one ifi which th .
in other words, a noble gas. which the valence Shcu of the atom is filled,

39. (D) Sodium. Any of the proup 1 i i i
o mactions y group 1 metals react violently with water according to the

Na(;) +2 HzOm — NaOH(dq) + HZ@)

The reaction produces a strong base whose total dissociation in water is extremely exother-

mic and the high temperature it produces igni i
gnites the flammable H, ,, that is prod
Answer 2 for more on the reaction of alkali merals with water.) w Pproduced. (e

40. (l?) Sodium. The atom with the highest second ionization energy is the one in which
removing the firse t?lectron leaves a full valence shell behind. Choice (D), sodium, has exe
3s electron. Removing that electron leaves the neon electron configuration behind (but with

a hlg_her- efffacnve nuclear charge, so the second ionization energy of Na is higher than the
first ionization energy of neon).

41. (E) Cobalt. (See Answer 37.)

42, (D) Sodjum. The alkali metals are highly reacrive due to their low first ionization
EnerglES.

43. (B) Ruthetford bombarded a thin sheet of gold foil with alpha particles (He**, helium
nuclei). Most of the He* passed straight through the foil, indicating that the atoms,makin

up the foil were mostly empty space. Some of the He?* particles were deflected from theigr
paths, but a few actually backscartered. These deflected and backscattered He?* particles sug-
gested thar the positive charges of an atom wete concentrated ino a small volume, hence t};ge
great repulsion when the He**approached. Bohr conceived of the energy levels o% electrons

Choice (C} is not true, and several scientists conrributed to the fact stated in choice (D). .

?’Hi. (E) With the exception of astatine, which is more metallic than the rest of the elements
in the group, all of the halogens (group 17) are diatomic in their standard states. Only F
a.nd Cl, are gases. Br, is a liquid and I, is a solid. Astatine is the rarest of the naturally occu:
nng, elements, and is therefore not usually considered with the rest of the halogens, so we
don’t use astatine to make exceptions for the halogen group. J

45. (C) Metals‘ [‘)racncally never take on negative oxidation states, Nonmetals can take on
negative or positive oxidation states. Compared to the other elements, the halogens have

high clcctn_m a_.ﬂ:lmties and most often rake on a —1 oxidation state (fluorine #lways takes
on a—1 oxidation state).

46. (A) A n:lon-ova]ent cation is a +1 cation. The alkali merals have 1 valence electron and
low first ionization energies. They exclusively form +1 cations.
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47. (B) First ionization energy is the minimum amount of energy required to ionize a
ground state, gaseous atom by removing an dlectron. The result is a cation. In general, the
first ionization energy is low for merals and high for nonmetals. Helium is the element with
the highest first ionization energy. (See the fgure accompanying Questions 21 and 22 to
compate the first ionization energies of elements 1-20).

48. (E) All naturally occurring atoms with atomic number 84 or zbove (polonium and
higher) are radioactive. The naturally occurring actinides have atomic numbers 8992
(actinium, thorium, protactinium, and uranium, respectively).

49, (B) Oxidation is loss of electrons (the mnemonic OJL RIG is helpful: Oxidarion Is
Loss of electrons, Reduction Is Gain of electrons). Generally, the first jonization energy
of an atom indicates how difficult an atom is to oxidize. The noble gases have the highest
first ionization energies and are the most difficult to oxidize, mostly because the valence
electrons in the noble gases experience the highest effective nuclear charge in their respec-
tive periods.

50. (E) Substance 1 contains Ca** and Substance 2 contains Cu?*, Although we should
be farmiliar with the fame test, the real clues to the question are in the solutions. The alkali
and alkali earth metals produce colorless solucions and transition metals produce colored
solutions. It’s worth memorizing that Cu®* produces a blue solution (use the mnemonic
“Copper 2 in water blue™.

Chapter 2: Chemical Bonding

51. (D) Tonic character refers to a place on the continuum of bond character. On one
end of this continuum is covalent character. This is the perfectly equal sharing of electrons
between acoms. This occurs only when two of the same atoms are bonded together, F, for
example. Covalent character begins to decrease as the sharing of the electrons becomes less
equal. This can be predicted by comparing the electronegativities of the atoms involved in
the bond. The greater the difference in electronegativity between the two atoms, the less
equal the shating of electrons is uncil the difference gets so large, that sharing is no longer
an option. On the opposite side of the bond character continuum is ionic character. An
atom with a very low electronegativiry, like Cs, doesn’t exert a strong pull on its valence
electron, the one invelved in the bond. Fluorine has the highest electronegativiry and pulls
very strongly on the electrons in the bond it is a part of, If cesium is not strongly attached
to its electron, fuorine is happy to take it. So Cs loses an clectron to F, becoming Cs*and
F-, respectively. Now, the opposite charges on these two ions will cause them to attract each
other vety strongly in a bond of high ionic character.

The botrom line is that the greater the difference in the electronegativity between the two
atoms, the more ionic character the bond, or the compound, has. The compounds in choices
(B), (C), and (E) are all covalent compounds. lenic compounds are typically {(though not
always) a metal (low electronegativity) and a nonmetal (high electronegativity). Silicon is
a semimeral and aluminum is a metal. The difference in electroncgativity between Al and
F is about 2.4, whereas the difference in electronegacivity between Siand O is abour 1.5.
(This still indicates some ionic character. Some people draw the line for an ionic bond as an
clectronegativity difference of about 2, though that number varies and can be as low as 1.7.)
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However, we should recognize 5i0, (silicon dioxide, also known as quartz} as a network
solid, a solid in which all of the atoms are covalently bonded in a continuous nerwork.

52. (E) Lattice energy is the minimum energy required to completely separate the ions
{to gaseous formy} in an ionic solid. lonics that contain ions with the smallest radii and larg-
est charge will have the largest lattice energy {the configuration of the ions is also a consider-
ation, but we won’t be asked abour lattice energy at that level of detail on the AP Chemistry
exam). Larger charges create a greater force of attraction. For smaller ions remember that
the force of the electric field produced by a charged particle is inversely related to the square
of the distance from thar parricle. Tons with smaller radii will be closer to the ions they are
artracting and will thus exert a greater force on them, so the lattice energies of the answer
choices are arranged from highest latrice energy o lowest. Since chlorine is the common
anion to all of them, only the size and charge of the cation is needed to answer the question.

FeCl, > MgCl, > CaCl, > NaCl > KCI

53. (E) Only covalent compounds use prefixes such as di- and tri-. Since any binary com-
pound containing a metal and a nonmetal is jonic, we can eliminare choices (A}, (B),
and (C). The key in naming this ionic is to correctly name the anion, N, Because it is an
anion we can eliminate choice (C) (again). Since there are no oxygen atoms involved, its
name can’t be something that ends in -ate {or -ite). The -ide suffix is a general suffix for a
monatomic anion of any magnitude of charge.

54. {C) Bond order {BO) is the number of chemical bonds between a pair of atoms. It is
part of molecular orbital (MO} theory, another model of bonding. (Lewis-dot structures
and VSEPR are other systems used to model bonding and compound structures.)

Bond Bond Order
Single 1
Double 2
Triple 3

The bond order does not have to be a whole number. We don't have to work out motecular
orbitals to answer a question like this. If you do not remember the formula for bond order
BO =% {number of bonding electrens — number of antibonding electrons), there’s a much
simpler way. First, we draw the Lewis structure. If there’s resonance, we will likely have a
fractional bond order, In a molecule of Oy, there are 18 valence electrons to account for.
Fither of the strucrures below could represent ozone.

+ +
.S N 0
07 0 -0 g

But the real ozone molecule has equal bond lengths and strengths beiween the oxygen
atoms.
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We can think of each oxygen as being bonded to another oxygen by 1% bonds, 'Il:le pi elec-
trons (from the unhybridized p orbirals) are shared between all the oxygen aroms instead of
localizing between the two atoms directly involved with the bond.

The shortcut for calculating fractional bond orders is to take the total n-ui.nber of borgds
in one of the Lewis structures (in this case, three) and divide it by the mlmmu]l;‘l number
of single bonds that would connecr the atoms in question {in this case, two). For ozone,

3+2=1.5.
55. {A) N, has a triple bond. (Sec Answer 54 for an explanation of bond order.)

56. (C) The ending -ide tells us chat we are ot dealing with an oxygen containing anions
(which end in -ate or -ite, like phosphate, PO, just a lone P with wharever negative
oxidation state it typically carties (—3). Since CI™ has a —1 charge ) we_know thar X carties a
+2 oxidation state. Then we assign the numerical value of the oxidation state of the cation
as the subscript of the anion and vice versa:

X2+ PP XP,

57. (B) For diamond to become graphite, covalent bonds must be broken. Grgpl?itc is lz:
network solid composed of sheets of carbon stacked on top of one another. Within et;:c
sheet (called graphene), the carbon atoms are covalently bonded to three othe.r carbon
atoms. 'The sheets are not covalently bonded to each other, however. London dispersion
forces keep the sheets together in stacks.

Diamond is 2 netwotk solid, too, but one in which 44 the carbon atoms are bonded to fo u4r
other carbon atoms, so every carbon atom is covalently linked to its partners. (See Answer 9
for a comparison of the structures of diamond and graphite.)

Choices (A) and (C) are phase changes, while (D) and (E) are jonic compounds dissolving

in solution.

58, (D) Sec Answer 57. The sublimation of catbon dioxide differs frorn.th:‘nt of graphite
because there are only van der Waals forces holding the individual carb(?n dioxide molecules
rogether in the solid, and only those forces are broken when CO, sublimes.

59. (E) See Answers 57 and 94 for descriptions of diamond structure and bonding.

Orbital Hybridization "Cheat Sheet”

Orbitals Involved Orbitals Left
Hybrid {forn=2o0r3) Unhybridized Electron Geometry Bonding
sp? 1s+3p none Tetrahedral c only
sp° Is+2p p Trigonal planar o and %
sp 1s+1p 2p Linear Gand2 T
spd? Is+3p+2d 3d Octahedral o only
sp>d ls+3p+1d 4d Trigonal G only

bipyamidal
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60. (C) The nitrogen in ammonia has a tetrahedral electron geometry. (See the orbital
hybridization cheat sheet below Answer 59.) Since there arc only three hydrogen atoms
honded to it, a single unbonded pair of electrons remains on the nitrogen atom, making

the molecular geometry of ammonia trigonal pyramidal. This asymmetry greatly increases
its polariry.

61. (A) Compounds with trigonal bipyramidal and octahedral eleceron geometries have
orbital hybrids that contain one or two d orbirals, respectively. Molecules with trigonal
bipyramidal molecular geometry have five acoms bound to their central atom. {Though not
all molecules with five atoms bound to a central atom are trigonal bipyramidal. BrF;, for
example, is square pyramidal.) Whereas compounds with octahedral molecular geometry

have six atoms bound to their central atom. (See the orbital hybridization cheat sheet below
Answer 59.)

Phosphorus and sulfur are important exceptions to the octet rule {and anything after chlo-
rine an the periodic table may, but doesn’t have to, obey the octet rule). Phosphorus can
have up to five electron domains (easy to remember because the “ph” in phosphorous has
the f sound, like five) and sulfur can form up to six. Boron (see Answer 62) and hydrogen
are ewo other exceptions.

62. (B) Boron isan important exception to the octer rule. We can remember the mnemonic
device “B is happy with 3” because boron can form three bonds with other atoms without
an unbonded electron pair on the boron, so molecules like BH; and BF; are trigonal planar
in both electron and molecular geometry. (See the orbital hybridization cheat sheet below
Answer 59.) Boron cax form four bonds, but it requires one of the atoms to contribute boch
electrons to the bond without an electron contribution from boran (forming a coordinate
covalent bond). (See Answer 334 fora description of coordinate covalent bonds.)

63. (E) The S—O bonds in sulfur dicxide have a bond order of 1.5. The sulfir atom is sp?
hybridized, buc is bonded to only two other atoms, so the third hybrid orbiral has a lone
pair of unbonded electrons, repelling the oxygen atoms. Remember that electron domains
for nonbonding electron pairs exert a greater force on neighboring electron domains than
bonded electron domains. (See the orbital hybridization chear sheet below Answer 59, and
see Answer 54 for an explanation of bond order and resonance. Answer 84 explains the
effect of unbonded electron pairs on bond angles.)

64. (D) The structure of carbon dioxide is linear: O=C=0. Each oxygen atom has two
unbonded electron pairs. The C=0 bonds are polar, but the symmetry of the molecule
make it nonpolar. (See the orbital hybridization cheat shect below Answer 59.)

65. (C) See Answer 60.

66. (C) Dipoles occur in molecules due to a nonuniform discribution of charges in the
molecule. Typically, this occurs because the electron density is not equally shared between
atoms. The O—H bonds in water are very polar. The electron density is greater around the
oxygen atom compared with the hydrogen atom. The oxygen atom also has two unbonded

pairs of electrons, which malkes the water molecule bent. ‘This malkes the dipole moment
of water 1.85 debye.
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67. (B) Pi () bonds are covalent bonds involving the overlap of the two lobes of an unhy-
bridized p orbiral. The electron overlap occurs above and below the plane of the nuclei
of the two atoms invalved, but does not occur between the two nuclei (as in a sigma, G,
bond). Only double and triple bonds involve ® bonds. All bond orders containa & bond. A
single bond is simply a 6 bond, a double bond consists of one 6 bond and one 7 bond, and
a triple bond consists of one & and two T bonds. The molecule with the greatest number
of T bonds is the one with the most double and triple bonds. C4Hg, benzene, has three
double bends (although the bond order of the C—C bond in benzene is really 1.5 due to
resonance and delocalized 7 electrons, see Answer 67 for an explanation of the bond order
and resonance in benzene).

68. (B} A sigma (6) bond is one in which the region of electron overlap between the
atoms in the bond is between, and in the same plane as, the two nuclei. All bonds contain
one 6 bond, but double and triple bonds also contain an addition one or two pi () bonds,
respectively. (See Answer 67 for a description of % bonds.)

69. (D) An atom that has sp hybridization will have two sp hybtid orbitals and two unhy-
bridized p orbitals. A molecule with an sp hybridized central atom will most likely be linear, !
at least with respect to that part of the molecule (see the orbital hybridization cheat sheet |
below Answer 59).The unhybridized p orbitals don’t have to contain electrons, but if they i
do, they are likely to be involved wirh pi bonds. Since we have two unhybridized p orbit- i
als, we can form two pi bonds, either two double bonds, or one uiple bond. The carbon in

CO, is sp hybridized, which allows it to form two double bonds with each oxygen atom.
(Answers 67 and 68 describe pi and sigma bonds, respectively.)

70. (E) CH,O is the empirical formula for 2 monosaccharide, but it also the molecular
formula for formaldehyde (its systematic name is methanal). Because there is exacily one
double bond {the carbenyl carbon and the oxygen), there is exactly one pi bond. (See
Aunswer 67 for a description of pi bonds.)

71. (D) Hydrogen Auoride (HF) has the largest dipole moment of the molecules listed
because the electronegativity difference between two atoms (H and F) is the largest. PHy
is a polar compound, but its dipole moment is less (0.58 1, or debye, a coulomb meter)
whereas the dipole moment of HF is a whopping 1.91 [ ‘The dipole moment is calculated
as the product of the magnitude of the charges (or partial charges) and the distance between
them. Values range from about 0—11 L.

72. (A} Carbon monoxide, CO, has a triple bond. Double and triple bonds contain 7
bonds. A double bond consists of one G (sigma) and one 7 bond, whereas a tiple bond
contains one © and #we T bonds. CO,, with its two double bonds, would have also been
correct had it been an answer choice. (Answers 67 and 68 describe pi and sigma bonds,

respectively.)

73. (E) A combustion reaction is a self-propagating exothermic reaction thar combines
oxygen with a substance and produces an oxide of the element.

74. (C) PH; (phosphane, also called phosphine) has a tetrahedral electron geomertry, but
since only three hydrogen atoms are bound, there is a single unbonded pair of clectrons on
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the phosphorous atom, making it trigonal pyramidal i i
hybridizarion cheat sheet below A.nsgwcr SI;Y) et in molecalas gromesy. (See the orbia

75. (B) All single bonds are sigma bonds, as well as on. i

: : , ¢ of the bonds in a double bond and
?ne of the bo:}ds in a triple bond. C,Hj has six atoms, so it’s good place to start(;i)loka;ﬁ
or the most sigma bonds. In fact, it has five: one of each of the C—H bonds (four in alg

plus one of the two bonds in the double bond between th
describe pi and sigma bonds, respectively.) e the carbons: (Amswers 67 and 68

76. (E) Allotropes are pure forms of the same element with different structures, Armo-

spheric oxygen (0,) and ozone (0,) are well known all i
diamond are famous carbon allotrospes. 7 ottapes of oxygen, s gaphite and

77. (B) 'Ihe carbon in COQ, is double bonded to each of the oxygen atoms.

78. (C) When looking for the compound with the greatest dipole moment, look for highl
polar bonds. Th.e H-O bond in warer is the most polar bond of the compounds lisgtedy
The electronegativity difference between H-O s larger than H-N, so its dipole moment is'
greater. (See Answer 71 for an explanation of how dipole moments are calculated).

79. (D) See Answer 60,

801;‘ (ﬂl "l];he f.:lecfron geometry around the nitrogen atom in NHy is tetrahedral (see the
Er 1ta;i y gldl?anon cheat sheet below Answer 59), but because there are only three atoms
ound to the nitrogen, there remains an unbonded pair of electrons. Therefore, the molecu-

lar geometry of NHj is trigonal i
pyramidal. (See Answer 84 f; lanati
of unbonded electron pairs on molecular geometry.) o xplanstion of the clfee

81. (C Et?anc i_s an alkane (a saturared hydrocarbon) with the formula C,H;. Both car-
bons are sp? hybridized. (See the orbital hybridization cheat sheet helow Answer 59.)

82. (B) Hextl:ne is an _alkenc with the formula C¢H . It has one C=C double bond. The
carbons #ot involved in the double bond are sp? hybridized. The two carbons involved

. h 2 s - . e .
Kln l; v:e;lcs);l:'n)le bol.ld are sp* hybridized. (See the orbital hybridization cheat sheet below

83. (D) Bqunc is an allkyne with the formula C;H,. It has one C=C triple bond. ‘The
ca.rbons not involved in. [}.le triple bond are sp? hybridized. The two carbons involved in the
triple bond are sp hybridized. (See the orbital hybridization cheat sheet below Answer 59.)

814. {© Electfon domains for nonbonding electron Paits exert a greater force on neighboring
electron domains than bonded electron domains. CCly has both tetrahedral election geometry

and molecular geometry (see the orbital hybridization cheat sheet below Answer 59). When

the molecular and electron geometries are the same, each electron domain has an atom

bound te it. The 109.5° bond angle aprees perfectly with i
e e 109,57 grees p y with the angles representing the four
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The PCl, molecule has a tetrahedral electron geometry but a trigonal pyramidal molecular
geometry because there is one pair of unbonded electrons on the central phosphorous atom.
The bond angles are less than they are for a tetrahedral—approximately 107° (although
some have reported bond angles of around 100°, probably due to the further repulsion
between the unbonded pair and the chlorine atoms).

Water has tetrahedral electron geometry but is a bent molecule because there are two
unbonded electron pairs. The bond angles in the bent water molecule are 104.5°,

85. (C) The difference in electronegativity between catbon and oxygen is about 0.9 so
the two C—=0 bonds in CO, are polar. However, CQ, is linear and, therefore, the dipole
moments of cach of the bonds are 180° relative to each other, cancelling each other out and
making CO, a nonpolar molecule even though it has polar bonds.

Choices {A) and (B) can be eliminated right away because they are molecules consisting of
only one kind of atom, so the bond has to be nonpolar since chere is no electronegativity
difference berween them. C—H bonds are not very polar. The electronegativity difference
between carbon and hydrogen is about .35. ‘The molecule in choice (E), difluorometh-
ane, has two polar bonds. The electronegativity difference between carbon and fluorine is
about 1.4, but the electrons are not distributed evenly around the molecule (of course they
are moving but they still form dipoles due to the presence of atoms with greater electron-
drawing power in the molecules). This makes CHyl a polar molecule with polar bonds.

86. (C) This question is most easily answered by knowing the formula for the alkanes
and the aldehydes and carboxylic acid functional groups. The first three compounds are
all hydrocarbons. The formula for the alkanes (the series of hydrocarbons with only C—C
single bonds in which every carbon is completely saturated with hydrogen) is C Hy ..
Choice (C) is the only hydrocatbon that fits into the formula. Choice (D)} is aceryladehyde.
An aldehyde group is a carbon double bonded to an oxygen {C=0) that occurs on the first
{or last) carbon of a compound. We can recognize an aldehydes group in a chemical formula
by the appearance of CHO. Choice (E) is propanic acid. The COOH in the chemical for-
mula indicates the presence of a carboxyl group (which contains an oxygen double bonded
to a carbon, and a hydroxyl group bonded to the same carbon).

87. (D) The PCl; molecule consists of one phosphorus atom bonded to five chlorine
atoms with no unbonded electron pairs around the phosphorus {remember the mnemonic:
“Phosphotus can form Five” bonds). There are five sp>d hybrid orbitals (the “averaging” of
an s, three p orbitals, and one d orbital for a total of five hybrids). (See the orbital hybridiza-
tion cheat sheet below Answer 59.)

88. (C) The least polar bond will contain the two atoms with the most similar electronega-
tivities, Auorine and oxygen. The smaller the electronegativity difference between the two
atoms in the bond, the more uniformly distributed the electron cloud is shared berween
them.

89. (A) Ozone has a bond order of 1.5, which means that instead of one single and one
double bond, the central oxygen is bonded to the two outer oxygen atoms by a bond of
intermediate strength and length. (Sce Answer 54 for an explanation of bond order and
resonance in ozone.)

o
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90. (D) Dipoles occur in molecules due to nonuniform distribution of charges in the mole-
cule. Typically, this occurs because the electron density is not equally shared between aroms.
The N—H bonds in ammonia are very polar, as the electron density is greater around the
nitrogen atom compared with the hydrogen arom. The nitrogen atom also has an unbonded
pair of electrons, which makes the ammonia molecule trigonal pyramidal in shape. The
dipole moment of ammonia is 1.47 debye. =

Chapter 3: States of Matter

91. (A) Gold (Au) is a metal, a lattice of cations bathing in a sea of electrons. (See Answer 92
to contrast metal and ionic lattices.)

92. (B) MgCl, is an ionic lattice that contains both cations and anions. An jonic lattice has
very different properties compared to the lattice in metals. A lattice describes a structure.
"The lattices in ionic compounds have roughly the same characteristics—alternating positive
and negative ions—though the actual pacterns of the lattices vary. lonic lattices are very
strong and rigid. They are not malleable or ductile, and they are poor conductors of hear and
electricity because, unlike metals, the charges in ionic lattices are not free to roam. In other
words, their charges are not mobile. The positive and negative ions are perfectly positioned
to have maximum stability. Excepr for the ever-present vibration of atoms (at temperatures
abave 0 K), there’s nothing moving in the lattice. The lattice structure of a metal, however,
has only positive charges. Like an ionic lattice, the cations in a metal are positioned very
regularly, but they are not as rigid. Metals are malleable and ductile party because their
electrons are free to roam, particularly in a wire in which a currenc is applied, but mostly
because the metal’s cations are able to take new positions relative to each other in the lattice
(when a stress is applied) without breaking the metallic bonds.

93. (E) Carbon dioxide exists as individual molecules. The carbon is double bonded (a double
bond consists of one G [sigma] and one 7 [pi] bond; see Answers 67 and 68 for descrip-
tions of pi and sigma bonds, respectively) to the carbon atom (sp hybridization on the C;
see the orbital hybridization chear sheet below Answer 59). Carbon dioxide forms a solid
only under high pressure and very low temperatures mainly due to slight dipoles between
C and O atoms (but the symmetry of the molecule negates the polarity of the bonds) and
London dispersion forces. These two types of intermolecular forces of attraction hold car-
bon dioxide molecules together in a solid. (See the phase diagram for carbon dioxide above

Question 99.)

94. (D) Graphite is a network solid {like quartz and diamond) that is composed of sheets
of carbon. Within a sheet (called graphene), the carbon atoms are covalently bonded to
three other carbon atoms, so the hybridization of carbon in graphite is sp? (see the orbital
hybridization cheat sheet below Answer 59). The electrons in the unhybridized p orbitals
are delocalized; they spread out over several carbon atoms, creating a structure thar can exert
fairly strong London dispersion forces. This is what allows all the individual sheets to stick
together. Graphite is brittle because even though the dispersion forces created by the pi elec-
trons are strong, they are weak relative to covalent and ionic bonding, which hold most solids
together under standard conditions. Graphite is remarkable in that it is a nonmetal solid
that conducts electricity {due to the delocalized electrons, which are mobile). Like a metal,
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graphite has luster, but like a nonmetal, it’s not malleable. It is soft and fexible, but inelastic
(it doesn’t reform after being deformed}. Graphite and diamond are allosropes, pure forms
of the same element with different structures. (See Answer 95 to compare with diamond.)

95. (C) Diamond is a network solid (Jike quartz and graphite}. In diamond, 2/ the carbon
atorns are bonded to four other carbon atoms, so every carbon atom is covalently linked
to its partner. The carbon atoms are sp® hybridized (see the orbital hybridization cheat
sheet below Answer 59), so there are no delocalized pi electrons. Diamend and graphite
are allptropes, pure forms of the same element with different structures. (See Answer 94 to
compare with graphite.)

96. The normal boiling point is the point at which 2 liquid turns to a gas at an armospheric
pressure of 1 atm. On this graph, it is the point on the line between gas and liquid phases
that would meet with a line drawn perpendicular to the y-axis at 1 atm. A liquid (in an open
container) boils when the vapor pressure above the liquid reaches the pressure atmnosphere.
Since the boiling point is determined in part by the atmospheric pressure, the rormal boiling
poine {at 1 atm), is the boiling point at 1 atm.

97. 'The solid area of the graph meets directly with the gas area of the graph at low tem-
peratures and pressures, to the left of the triple point.

98. (E) Typically, high pressure favors the formation of a solid. The negative slope of the
line in the phase diagram indicates thar for this compound, a decreased wemperature is
needed for the solid to form at higher pressures. This suggests that the solid form of this
compound is Jess dense than the liquid form. Water is a compound whose solid is almost
always less dense than the liquid, though it actually depends on the way the crystals form
(there are high and very high density forms of amorphous ice, but it’s highly unlikely we’ll
be asked about them for the AP Chemistry exam),

The graph does not support choice (E} because the area for solids extends well below 1 atm.
The line indicates equilibrium between the two phases, bur the area for solids shows that the
lower the temperature, the less pressure needed. A lower temperature is needed for a high
pressure solidification, but a low temperature solidification (say, —100°C} requires very little
pressure. (See Answer 11 for an exceps question strategy.)

99. (E) At a constant pressure of 1 atm, the solid CO, sublimes directly into a gas without
going through the liquid phase. To liquefy, CO, requires a pressure greater than 5 atm.
At temperatutes below —56°C approximately, CO, does not liquefy at all,

100. (B) See Answer 99.

101. (D) We should immediately recognize 5i0, as a network solid (silicon dioxide, also
known as quartz). Network solids, like diamond and graphite, have high melting points. Si0,
is not a molecalar formula, it is an empitical formula that represents the ratio of Si to O
atoms in the compound. The melting point of 50, is ~1,600-1,725°C. H,S and G;H
are both gases under standard conditions. I, and Sy are solids but their melting points are
low, relative to 510, at ~114°C and 115°C, respectively.
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102. (D) This information is obtained directly from the graph. One kilogram of water
absorbed approximately 2,300 k] of encrgy to vaporize.

103. -(B) Water is different in that the density of the liquid is greater than that of the solid
(why ice Hoats). Each water molecule in solid water (ice) is connected to four other water
molecules by hydrogen bonds. This spreads the molecules further apart than when they

are in a liquid, where each water molecule is hydrogen bonded to two or three other water
molecules at a time.

104. (C) During fusion (melting), the temperature of water doesn’t change. Use: the for-
mulaq= mI.-IﬁJs, sol\.«'lng for Hy,,. There are approximately 350 LJ of heat absorbed by 1 kg
of water during the interval where the water is at 0°C (the temperature, or average kinetic

energy, of a substance does not change while it is undergoing a phase change, see Answer 109
for an explanation).

105. (D) The 1.0 kg water absorbed approximately 2,300 kJ ro vaporize.

106. (A) There is a temperature change, so we use the formula q = mcAT and solve for ¢,
the specific heat . ¢ =9, xp =108/ | Kgiseq) = ~2.0 kJ leg™1°C-1,

107. (E) The heat of vaporization is much higher than the heat of fusion. The rable below
shows thar an average of 1.5 mol of hydrogen bonds per mol of water are broken during
fusion (4 mol H bonds per mol ice — average of 2.5 mol H bonds per mol water = 1.5 mol
H bonds broken during fusion), whereas an average of 2.5 mol of hydrogen bonds are
broken (per mol of water) during vaporization. Water molecules oy move closer together
during fusion and do move farther apart during vaporization, but this fact alone does not
explain the difference in energy requirements between fusion and vaporization,

Solid {ice} > Liquid < Vapor
4 hydrogen bonds per 2-3 hydrogen bonds per No hydrogen bonds
water molecule water molecule

108. (B) With the information in the table above, the enthalpy of hydrogen bond forma-

tion can be calculated (it will have the same magnitude but opposite si f th hal
of breaking hydrogen bonds). PP sign of the enthalpy

Watet is not forming from H, and O, gas, it is simply changing state, so we cannot calcy-
late the enthalpy of formation from the data. Superheated steam is not represented in the
graph so we have no data to usc in a calculation. There is no rime component, so we do
not know the rate at which hear is being added, and there is no volurmnec data with which o
caleulate density (density =™/ | 3,

109. (D) The absolute temperature of a substance is proportional to the average kineric
energy (KE) of the particles in the substance. It is helpful to replace the word rempera-
ture with “average kinetic energy” when solving chemistry problems. If the temperarure is
increasing, the average KE of the particles is increasing. During phase changes, the tem-
perature remains constant. Therefore, there is no change in KE. The heat added is used to
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change (increase) the potential energy (PE) of the particles, which are chafnging positions
relative to each other during phase changes. The definition of zero entropy is a_perfect, pure
crystalline solid at 0 K (it’s also the third law of thermodynamics). Any da_.'iatlon fr-om 0K
and/or a pure, perfect crystalline solid indicates that entropy is increasing. {\n i{]crease
in temperature typically increases the entropy (the units of which are ] mol™ K™). (See
Answer 11 for an"except question strategy.)

148 » Answers

110. (A) Dicthyl ether. A high vapor pressure indicates the particles of the liquid are not
strongly attracted to each other since a low temperature (average kinetic energy) allows them
to escape [rom solution.

111. (D) Only substance D and E can form hydrogen bonds (because of their O—H
groups) but E (methanol) has a higher vapor pressure so its intermolecular forces must.be
weaker. All molecules exhibit London dispersion forces, but these are very weak relative
to hydrogen bonds and dipole—dipole actractions, so they ate not considlered significant in
polar molecules. The strength of London dispersion forces increases with the number of
electrons, which is typically proportional to molar mass. Particles with a high molar mass
{and therefore lots of electrons) will exhibit stronger London dispersion forces. Because sub-
stance D, ethanol, is larger than methanol, it exhibits greater dispersion forces and therefore
has a lower vapor pressure.

112. {C) The nonpolar compeunds in the table are A {diethyl ether), B (carbon disulﬁfie)
and C (carbon tetrachloride). A volatile compound readily evaporates, will have a high
vapor pressure, and have weak intermolecular forces of atcraction.

113. (D) Tonic compounds that contain ions with the smallest radii and largest charge will
have the highest melting points (and largest lattice energies, see Answer 52 for an expllana— i
tion of lattice energy). The configuration of the ions within the lattice is also a consl_der-
ation, but we don’t need to be concerned with that level of detail for the AP Chemls.try
exam. Larger charges on the ion create a greater force of ateraction, irllm-'easing the melting
point. The force of the electric field produced by a charged particle is ll'IVEI‘SClY related to
the square of the distance from that particle, so ions with smaller radii will b.e ClOSCl: to the
ions they are attracting and will chus exert a greater force on them, thereby increasing the
melting point.

114. (E) Atmospheric pressure is the column of air above a particular area. The higher t.he
alritude, the shorter the column of air, so the lower the pressure. The pressure drop with
increasing altitude is faitly linear until about 10 km above sea level, after_which it d1:ops
precipitously. Therefore, the column of air is densesc closest to sea level (since the We-lght
of the column of air above the air closest to the ground is greatest, pressing all the particles
closer together). The column of air above an open container pushes down on the particles in
the container thar are trying o escape. The greater the pressure, the greater the_esc:?pc veloc-
ity required by the particles, therefore, the higher the temperature (ayeragc li‘TICUC energy,
KE) required for escape (KE = % mv?, where m = mass and v = velociry). Choice (A) is not
correct because at the same temperarure, the particles of any two substances have the same
average kinetic energy.

115. (C) See Answer 114.

Answers { 149

116. (D) Carbon dioxide exists as individual molecules. The carbon is double bonded to
each of the carbon atoms in a linear molecule. Carbon dioxide forms a solid only under
high pressure and very low temperatures mainly due to London dispersion forces and the
slight polarity of the C and O bond (but the symmetry of the molecule mostly negates the
polarity of the bonds). These two types of intermolecular forces of attraction hold carbon
dioxide molecules together in a solid. Remember that phase changes are physical, not chemi-

cal, meaning that only intermolecular forces of attraction (IMFs, also calied van der Waals
forces) are being formed or broken.

Although deposition (and solidification) typically requires nucleation sites, that choice is
not the best answer because ir doesn’t address the changes in the attractive forces. (See the
phase diagram for carbon dioxide above Question 99.)

117. {A) Phase changes are physical changes, not chemical changes, so covalent and ionic
bonds are not broken or formed. Only van der Waals forces (intermolecular forces of
atraction, or [IMFs) are being formed or broken. The density of liquid water is greater than
that of solid water. Water, unlike most substances, is /ess dense as a solid because there are
four hydrogen bands per water molecule in ice (compared to the two to three hydrogen
bonds per water molecule in liquid water) that cause the water molecules to spread farther
apare from each other, forming a well-organized crystal. Because fewer molecules of warter
are present per volume of water in ice, the density is lower (so the solid form floats in its

liquid form). {See the phase diagram for water above Question 96, and see Answer 11 for
an except question strategy.)

118. (A) The strength of London dispersion forces correlates with molar mass, but only
because the number of electrons is correlated with molar mass. Helium atoms have only two
electrons, so they cannot form a strong temporary dipole. Xenon atoms have 54 electrons,
so they can form significant dipoles (at low temperatures). The importance of the trend in
electron number and London dispersion strength is reflected in the different boiling points
of He and Xe. Helium has the lowest boiling point of the elements, —269°C (a mere 4 K),
while the boiling point of Xe is —108°C (165 K).

119. (B) All of the elements are nonpolar, so the only IMF to consider is London disper-
sion. Br, has the highest molar mass (and the greatest number of electrons) of the choices
listed, therefore it has the strongest dispersion forces. Bt is also the only liquid among gases
(under standard conditions), so that fact alone would indicate the highest boiling point
(since the rest boiled at temperatures below 25°C if they are gases at room temperature).
(See Answers 111 and 118 for more on the relationship between London dispersion forces,
molar mass, and number of electrons.)

120. (E) The question basically is asking us what happens during melting, when a sub-
stance is at its melting point and has already started but has not yet melted completely.
The heating curve of watet is shown above Question 102. Melting oceurs at 0°C and
evaporation occurs at 100°C, "The temperature does not change during the phase changes
even though the water is still absorbing heat. These temperature plateaus are due to an
increased potential energy of the substance changing phases. Temperature is the average
kinetic energy of the particles in a substance, so if the temperature is not changing, neither
is the average kinetic energy. Covalent bonds are typically not broken during melting, which
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is a physical, nota chemical, change. The volume of a substance offen increases with melting,
since the solid form of most substances is denser than the liquid form. Water, however, is
an important exception. (See Answer 109 for a comparison of kinetic and potential energy
changes that occur during heating and phase changes and Answer 117 for a comparison of
the densities of liquid and solid warer.)

121. (B) The gas with the greatest mass will have the greatest density since at the same
temperature and pressure, equal volumes of gas contain the same number of gas particles.
One mol Xe at STP occupies 22.4 L and has a mass of 131 g (31815, 4 =5 8/). Helium,
on the other hand, has a density of 136/, (4specmolef,, 1) at STP. As long as we compare
the same volumes at the same temperature and pressure, we only have to compare molar
masses to compare densities,

122. (E) The absolute (Kelvin) temperature of a substance is directly proportional to the
average kinetic energy (KE) of its particles. The equation for KE is %2 mv?. Since the molar
mass of compound is an intrinsic property, it remnains constant. Only the velocity of the par-
ticles changes when the kinetic energy changes. Mass and velocity are both proportional to
KE, but inversely related to each other. A more massive gas will mave slower than a lighter
one at the same temperature, The molar mass of N, is 28 g mol™l, so any gas of similar molar
mass (CO) will have a similar velocity under the same conditions. {See the Answer 123
for the formula to calculate a ratio of gas speeds at the same temperature.)

123. (A) Effusion is the diffusion of a gas through a tiny hole or opening. The faster a gas
particle can move, the more quickly it effuses {and diffuses). The speed of a particle of gas
is related ro its kinetic energy and molar mass.

Under the same conditions, the least massive gas (He, in this case) will effuse the fastest and
the most massive gas (Xe, in this case) will effuse the slowest.

Absolute temperature is directly proportional to the average kinetic energy (KE} of the

particles in a substance. KE = ¥ mv>. For the same KE, v= \/Z , or, we can say that the
velocity is inversely proportional to the square root of the molar mass. Graham's law of effu-
sion allows us to calculate the relative speeds of two different gases at the same temperature.
To compare Xe and He:

Rate OFHCIXE_ = J(mnlarMShAularmsch) = Y (H%) = 57

Thar means that the rate of effusion of helium is 5.7 times greater than that of xenon. (See
Answer 237 for another derivation of Graham’s law of effusion.)

124. (B) See Answer 123.

125. (A) Helium, which has the fowest IMFs, will require high pressures and low tempera-
tures to liquefy. Tt has the lowest boiling point of all the clements, 4 K. (See Answer 118
for a comparison of the boiling points of the noble gases.)

126. (B) Since all the gases listed are nonpolat, the only significant IMF they can form is
London dispersion. The gas with the greatest number of electrons (the most massive gas)
will generate the greatest London dispersion forces under the same conditions. Helium,

Y
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t_hen., will have the lowest boiling point and require the most pressure to condense into a
]_Iql.ild. (See Anjwer 118 for more on the relationship between London dispersion forces
molar mass, and number of electrons.} Helium has the lowest boiling poi ‘
) tof the el
—269°C at 1 atm (a mere 4 K). spoftotihe cemen.

127. (B} The highest condensation temperature s also the highest boiling point, so we are
looking for the gas capable of forming the strongest IMFs, A pressure of 10 atm is very high
(for comparison, the air pressure in car tires is about 2 atm}, but high pressure makes IMFs
mote likely to form, and therefore helps the gas to condense. The beiling point of Xe is
—108°C at 1 aum (165 K). (See Answer 118 for more on the relationship between London
dispersion forces, molar mass and number of electrons.)

128. (D) An ideal pas is an imaginary gas whose behavior with regards to temperature, pres-
sute, and volume is completely described by the ideal gas equation, PV = nRT (ic rr;ay be
helpful to remember the name “pivnert”). Aciual measurements of T, P, and V of real gases
vary (very) slightly from the predictions made by the ideal gas law. These real gases deviate
mainly because of the forces of attraction and repulsion between the particles. Low pressures
maintain a low density of the gas, so particles are far enough apart that attractive and repul-
sive forces aren’t felt, and high temperatures overcome forces of attraction and tepulsion

With these forces of attraction and repulsion minimized, real gases behave quite ideally. -

129. (D) The two gases are at the same temperature and pressure, so equal volumes of the
two gases will contain the same number of particles, but there are more CO, molecules
(and therefore a larger volume) than O, molecules. CO, is more massive than O,, and there
are a greater number of particles, so the masses of the two gases are certainly not the same.
The densit?l of two gases at the same temperature and pressure can be compared simply
by comparing their molar masses. CO, is more massive than O,, at 298 K and 1 atm, the
CO, gas is denser. If they arc at the same temperature, their average KE is the same, bue
CQ,; is more massive and so the average velocity of the particles is less than that of the O,
particles. ‘I'wo gases at the same temperature will have the same average kinetic energy, but
the more massive gas will have, on average, slower moving particles. (See Answer 123 for
an explanation of KE and average molecular, as well as Graham’s law, a simple formula to
calculate the relative speeds of two gases.)

130. (C) Two gases at the same temperature will have the same average kinetic energy,
but the larger gas will have, on average, slower moving particles. Since these two gases are
equally massive (44 g mol ™), their particles will have the same average speed. ‘The N,O
sample bas more moles so it has more particles, and it will occupy a greater volumezthf:
CO; at the same temperature and pressure. Notice density was noz given as a choice. Gases
of the same molar mass at the same temperature and pressure have the same densities. {See
related Question and Answer 129.)

131. (D) This is a simple conversion. Thirty-two grams of O, is one mole of O,. At 1 atm
a_nd 298 K, this number of oxygen molecules would occupy 22.4 L, but the pressure is four
times. However, temperature and pressure are directly proportional, so a fourfold increase
in pressure would be accompanied by a fourfold increase in temperature (298 x 4 = 950).

We v?riﬂ arrive at the same answer using the ideal gas law (PV = nRT, known as pivnert).
Or, since we know there is 1.0 mole of gas {and at 298 K and 1 atm, ir will occupy 22.4 1),
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we can use Gay—Lussac’s law: Py = F2/p;, 18 ppg ¢ = danj -, + T, =950 K. Remember
to only use the Kelvin (absolute) temperature scale when dealing with gases because there are no
negative mmbers.

132. (B) Rearranging PV = nRT for P gives P = nRTy,, Choice (E) is incorrect because
the numerical value of the gas constant depends on the units. The number 0.0821 is used
when P is measured in atm. The value 8.314 is used when P is given in kPa (kilopascals).
Remember to only use the Kelvin (absolute) temperature scale when dealing with gases (because
there are no negative numbers).

133. (B) The total inital pressure in the container is the sum of the partial pressures of all
the gases present {Dalton’s law of partial pressures), so the total Py = 1.2 +3.8=5 atm.
Since the pressure is proportional only to number of particles at a given volume and
temperature, we know that there ate three times more H, molecules than N, molecules
(1.2 % 3 = 3.8). This ratio of H, to N, is exactly the same as the ratio of cocfficients in the
balanced equation, so this is not complicated. When the partial pressure of N, falls to
0.9 arm, that means one-fourth of the N has been consumed by the reaction (0.3 is
25 percent of 1.2). If two NHj are formed for every N, molecule that is consumed, then 0.6 atm
(0.3 % 2) of NH,; will be formed. The important thing to remember is that the partial pressures
of the gases in a mixture tells us the relative number of particles of each gas in che mixture.

134. (E) Sulfur dioxide, SO, has bonds of high polarity and has a bent molecular geom-
etry, making it very polar and therefore subject to dipole—dipole IMFs and of course,
London dispersion forces. Ideal gascs are the imaginary gases in which the particles experi-
ence no forces of attraction or repulsion. (See Answer 128 for a definition of ideal gases and
the conditions under which real gases behave most like ideal gases.)

135. (D) See Answer 128.

136. (B} Dalton’s law of partial pressure states that the pressure exerted by a specific gas
within a mixture is proportional to the mole fraction of that gas. The trick to answering this
question is realizing that if the equal masses of neon and argon are in the container, then
twice the number of neon atoms are present (since the molar mass of argon is twice thar
of neon). Since we only need to be concerned about mol fraction and no other informa-
tion is given, let’s simply assume we have 1 mole Ar (40 g) and 2 moles Ne {40 g). Thac
means there’s a total of 3 mol of gas, of which one-third are Ar atoms and two-thirds are
Ne atoms. If the total pressure is 1.2 aum, one-third of that pressure, or 0.4 atm, is due to
Ar and 0.8 atm is due to Ne. It doesn’t matter what acrual number of mole we use, only the
ratio between Ar and Ne. As long as there are twice as many Ne atoms as Ar atoms in our
calculations, our answer will be the same (and correct)}.

137. (E} Dalton’s law of partial pressure states that the pressure excrred by a specific gas
within a mixture is proportional to the mole fraction of that gas. The total number of moles
of gasis 0.5 + 1 + 1 =2.5 mol. The pressure exerted by each mole of gas = Pobmmblyf, =
300 mmHg per mole gas. If a half mole of SO, is present, then half of 300 mmHg, or
150 mmHyg, of pressure is exerted. We will arrive at the same answer by calculating
the mole fraction of SOy, (°2 molf, o o= 0.2) and multiplying it by the total pressure
(0.2 x 750 mmHg = 150 mmHg).

RS
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138. (D) A 2-L container will hold approxi ly 0.1
ofO, i3 g e ot ol ;p mately 0.1 mole of gas at STP. The molar mass

135{. (C) The 2.—L flask holds a total of three mole gases at 2 pressure of 800 mmHg. Dal-
ton’s law c.af partial pressure states that the pressure exerted by a specific gas within 2 mixrure
is proportional to the mole fraction of thdf gas. ‘The pressure of each gas can be calculated

as follows. We can easily check our wark b th i
el e o o ecause the sum of the partial pressures should

+ Total Mole Gas = % Total Pressure =

Moles Specific Gas Mole Fraction Partial Pressure
0.50 mole SO, 0.17 136
0.75 mole of O, 0.25 200
0.75 mole of CH, 0.25 200
1.00 mole of CO, 0.33 264

1.40.. (D} This is a Graham'’s law of effusion problem. The two gases are released at oppo-
site sides of a tube and if they diffused at che same rate, they would meet in the middlep"lghe
speed at which a gas diffuses ar a given temperature is inversely proportional to the scllua:e
root of its molar mass (see Answer 123 for a derivation of Graham’s law). The larger mass
of HCI makes it diffuse mote slowly than NH, by the following equarion ™« NH3f'gt HO=

363/
17 = NH; diffuses 1.5 times as quickly, th i i i
y, therefore in the sa i
travel 1.5 times as much distance. me period of dme, N, wil

If distance HCI travels = x, the distance NH; travels = 1.5x.

Total distance = 1x+ 1.5x = 2.5x= 100 cm .. =40 cm and 1.5x= 60 cm.

141: MA 2-Ijlcontainer will hold approximately 0.1 mole gas at STP. The molar mass of
Clyis 71 g mol™! . 0.1 mole =~7 g (Question 138 is similar).

142. (A) .This question is asking us to identify the gas thar is least soluble in water, and
therf':forc if c._ollected above water, will produce a high yield because the least amount will
be dissolved into the water (and therefore not collected).

143. D) It is sometimes useful to imagine the atmosphere as a very thin, light Auid. The
rubber duck in a bathtub floats because the average density. of the duck is less than the den-

g . . .
hry (Tf the water ass the average density of a luxury ocean liner. A submarine, on the other
and, can change its average density to sink or float.

144: l(D) ’_Ihc terin constant temperature is our clue thae the average kinetic energy of the
particles Wlﬂth bf.i the same. Although the speed of the particles is related to their kinetic
energy, so is their mass. At the same temperature, more massive gases will move with slower

speed. Since all these particles are the same, their speed remains the same at the same
temperature.
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145. (A) The speed at which a gas diffuses (or effuses through a tiny hole} is inversely pro-
portional to the square root of its molar mass (see Answer 123 for a derivation of Graham’s
law). Therefore, Ar will effuse out of the container the fastest, leaving the least number of
Ar particles behind, and therefore exerting the least partial pressure. Kr is of intermediate
mass between Ar and Xe and so will effuse at an intermediate speed. Kr will effuse the
slowest leaving the greatest number of particles in the container and therefore having the
highest partial pressure.

146. (B) The speed at which a gas diffuses (or effuses through a tiny hole} is inversely pro-
portional o the square root of its molar mass (sec Answer 123 for a derivation of Graham’s
law). The lightest gas in the list is Hy, so ar the same temperature (average kinetic energy),
H, will move the fastest.

147. (A) The sodium carbonate reacts. with hydrochloric acid according to the equation:
Na, (O3 + 2 HClyy = 2 NaCly + COyy + H O
0.250 L HCI x 25 molf; = 0,63 mole HCL
10.6 g NayCOy x 1™l = 0.10 mole Na,COj

Remember to check for limiting reagents if the amounts of two reactants are given. A simple
check is to take the number of moles of each reactant and divide it by its stoichiometric
coefficient in the balanced equation.

0.63 mole HCl + 2 =0.325
0.10 mole Na,CO; + 1 = 0.10 (limiting reactant)

Since there is a 1:1 ratio between Na,CQj; consumption and CO, formation, 0.11 mole
CO, is the theoretical yield.

148. (A) Carbon dioxide, COygp is relatively nanpolar, so not a grear deal of it dissolves,
but a small fraction does (from about 3.5 g CO, per kg water at 0°C to 0.5 g CO, per kg
water at 60°C at sea level). Importantly, CO, reacts with warer to form carbonic acid, a
weak acid, according to the equation.

COyy + H)Op & HCO, & H7y + HCO5 ™ & Hp+ CO32‘(,,q)

(Our lives depend on this reaction. CO, is transported in the blood mainly as HCOj™, and
the regulation of our breathing relies on it. The reaction occuts in red blood cells with the
help of the enzyme carbonic anbydrase.)

149. (D) Any gas collected over water will be a mixture of at least two gases, the gas
(or gases) produced in the reaction #nd water vapor from the eudiometer. Just remember
Dalton’s law of pastial pressures, he total pressure of a mixture of gases is the sum of the partial
pressures of its constituent gases. The partial pressure of each gas is determined solely by its
mole fraction in the mixture.
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Because we don’t know the mole fracrion of cither gas, we determine it by the pressure.
We start with the partial pressure of the water and we use a handy fact: The vapor pressure of
water is determined solely by the temperarure. If the vapor pressure of warer at 22°C is about
20 mmHg (this information would be provided), we can then deduce the pressure of the
gas int our mixture.

The total pressure of the gas in the endiometer is che atmospheric pressure in the lab, which
was given as:

760 — 20 = 740 mmHg of CO,,). Then we use the ideal gas law, PV = nRT, to calculate
the number of moles of CO,,.

150. (D) First scart by calculating the number of moles of each gas:
1.6 g He = 0.4 mole, 4 g Ar=0.1 mole, 26 g Xe = 0.2 mole
Total number of moles = 0.7

P=2.1atm .. 0.3 aun per 0.1 mole of gas

0.2 mole Xe .. 0.6 aum of pressure
We can also find the mole fraction of Xe and multiplying it by the roral pressure:

02 mel Xe"(].? toral mol = 029 =~0.3

0.3 x 2.1 atm = 0.63 = ~0.6 atm

Chapter 4: Solutions

151. {A) Raoult’s law states thac the vapor pressure of a solation of a nonvolatile solute is
equal to product of the vapor pressure of the pure solvent and its mele fraction. A solution
will have a /ower vapor pressure than the pure solvent and therefore a higher boiling point
because a liquid or solution boils when the vapor pressure above the liquid reaches rhe pres-
sure of the atmosphere. Solutes will also depress the freezing point and increase the osmotic
pressure in direct proportion to their concentration. {See Answer 459 for the formula to
caleulare the DT of boiling points or freezing points of solutions.)

152. (A) Most substances undergo a change in density (and volume) with 2 change in
temperature. Mass, however, doesn’t change with temperature. Molality {m) is the con-
centration expressed in mole per kilogram solvent, a unit of mass. Molarity (M) is a unit of
concentration expressed in mole per Jiter, a volume.

153. (C} We need to convert mL to L to solve for number of mole from melarity, ™/

0.125 L x (%20l ) = 0.025 mol CuSOy - 5 H,0.
0.025 mol X (8 N=6.25g
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154. (B) This is a dilution problem. Use M,V = M,V;

MucVia = Mo amsa ¥ 0.8Msob
(20} (5) = (0.8) (Vp antsol)
Vo 8Msol = 125 mL

Y thlS 1 t-‘[le ﬁﬂﬂt Vo q ll er sk
. ()
Bu 5 hﬂ'ﬂf Of t.ll.ﬁ S()lu[lo I IIE uestion asked how 771qu dﬁt lgd Wit

volume of water added:
125 mlgpyis0 = 20 mLyge = 105 mloqer

155. (E) The lead nitrate and sodium chloride react according to the equation:
Ph(NO3); +2 NaCl = PbClygy + 2 NaNOsg,)
0.100 L Pb(NO), x (#2™0/; ) = 0.02 mol Pb**

0.100 L NaCl x (3 melf; } = 0.03 mol mol CI”

imiti ber the simple
2+ CF is ont limiting reactant (remem .
ot & ic coefficient in the

b2+

Since two CI™ are needed for e i ac: ‘
check: divide the number of mole of each reactan_t.by its stonchlorrée:v fc coeficient 1o,
balanced equation, the smallest quotient is the limiting reactant) an

ions in solution.

i ipitared
— 5 (1 mol Pb¥Fg J =0.015 mole of Pb?* ions precipitate
0.03 mole CI" X ( 2 mol €L oot the chlotide fons

i — 2+
0.02 mole Pb?* — 0.015 mole Pb?* precipitated = 0.005 mole Pb?* excess

i £
0.005 mole Pb2* in a final volume (don’t forget to add the volumes of both solutions) o
200 mL {or 0.2 L) =0.025 M.

156. (E) The two solutions were prepared with the same number of moles of their respec-

i ivity i jon of ions
unds, so the determinant of electrical conductivity is the concentration of
bl

e o] to ions when dissolved does not

of their solutions. A particle that does not dissot.:iatc ;n e e eenr s el
ici i i ncentration of a , :

duct elecricity. The higher the ion co : e Jearica
COI:1dun:tivity Iorz (or charges) must be mobile in order to conduct clectm':zlty;;c:l sb b sals
co . !
do not conduct electricity (but molten salts do). Soluble s'alts and strogg aci ?and bases afe
the best electrolytes because they completely dissociate in watet, producing

e

ions per mole compound.

F
157. (C) Since we're given a percent and not an absolute mass, assume a 100 g sample o

solution . 66% C,H,0 =66 g C;H0 = 1.5 moles.

100 g of sample — 66 g C;H4O = 34 g of water, ot about 1.9 (round to 2) mole water. Total
moles=3 .. 1.5 mel t‘.Lhauwl‘r3 ol toral = 50%.
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158, (A) There are 2 moles of ethanol in a total of 10 mol solution (20 percent).
144 ¢ H;O @ (18 g mol™") = 8 moles
92 g ethanol @ (46 g mol™") =2 moles

159. (D) 29 g NaCl @ (58 g mol™?) = 0.5 mole NaCl

45 mol NaCly 0.2 kg solvene = 2.3 #2 solution

160. (D) Phosphates are not particularly soluble, All nitrate and ammonium salts are sol-
uble, as well as all group 1 salts. Acetate is also very soluble.

161. (C) The addition of HF, a weak acid, will lower the pH by increasing the H* con-
centration in the solution. The increased H" concentration will shift the equilibrium of the
BaF; to favor its dissociation (and therefore its solubility) by providing the F~ already in
the solurion with more H ions to bind to form HEF. F~is a good conjugate base, so it will
take up many of the H* jons. The H" and F ions in the acid arc already at equilibrium, so
adding them to the BaF, solution will not increase the F- concentration when it is added,
as much as it will increase the H* concentration, ‘This is because the F- that is being added
will bond to the H* ions to form HF, furcher lowering the F~ concentration, and further
pulling the solubility equilibrium to the right, favoring dissociation and increased solubilicy.

By the time the two solutions have com pletely mixed and a new equilibrium is achieved, the
final F~ concentration is lower, allowing more Ba?* ions to be dissolved.

162. (D) The formation of hydrogen bonds is exothermic.
163. (A) Assume 100 mL of each liquid.

100 mL ethanol X ®72¢/_; =79 g ethanol @ 46 g mol™' = 1.7 moles
100 mL water X 19/} =100 g H,0 @ 18 g mol™! = 5.5 moles
Total mol solution = 1.7 + 5.5 = 7.2 moles

1.7 mol Et]’!al‘]u[‘{7-2 ool tocal = 0.24

164. (A) Different proportions of solute and solvent can produce different enthalpy
changes, bur the solvarion of ethanol and water is unusual in char it staris our exothermic
at low concentrations of water, chahgcs to endothermic in the mid-range, and then reverts
back to exothermic at high concentrations of water. Solutions are complex, but we can stil]
arrive at a fairly simple but logical interpretation of this situation. If 2 particular solvation
process is exothermic, then more {or “stronger”) intermolecular forces of attraction (IMFs}
are formed than broken (IMF formation is exothermic). If it is endothermic, then more (or
stronger) IMFs are broken than formed (IMF “breakage” is endothermic).

165. (D) Any particle with electrons will exhibit some amount of London dispersion
forces, so our answer must contain choice II1. "The name ethanof lets us know the com-
pound is an alcohol, but the —OH group is obvious from the chemical formula given at
the beginning of the question set. Water, of course, has two O—H bonds. Molecules with
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O—H., N—H, and F—H bonds can form hydrogen bonds. Hydrogen _ban.ding is t]a_z;lstmnges;
of the ;'nterma’lemlar forces of attraction (technically, hydrogcr} bonding is a spe;:ll (35: ,fo
:lipolc—dipole attraction). The C—H bonds in ethanol are fairly nonpolar, so there

dipole-dipole forces holding these two molecules together.

166. (C) First, we need to determine the number of moles oflCi- 10n}s\11é1:1th:a sool6urtr11c;|ilf.:
There are 0.1 mole from KCl, 0.2 mole from CaCl,, :.m.d 0.3 m(i_e_ rom0 p :}2. ! 0 ale
CI" in 1-L solution. Because each Ph?* ion can precipitate 2 Cl- ions, 0.6 = 3,
minimum number of moles of Pb?" ions needed.

167. (B} The solubility of gases in water is greatest at high pressures and low temperatures,

168. (C) Water soluble salts are noz soluble in nonliolar solvlentsl, likﬁ (Elgii.e Spa(lj:l- d;sc:ﬁ\;
issociari ir i i i ith solvent molecules tha

by dissociaring. Their ions form mteractlolf wit B e ro b portaly

ion-molecule attractions), A Na*, for example, w! y

?1: jtlf\f::ly(lgharged oxygen atom in an O—H bond (of water, for example), l:vh(e)rcalfl tll;anéll

ioE will be attracted to the partially positively charged hydrogen atom of the O— .

169. (C) We are looking for the compound whose solubility is dra,s;i;aﬂf( riflfluce;l rbzrh:;
ction | i d in a graph, we'd be looking fo
n in temperature. If this data were presente » W'l _
:zclisljlll(;y curve wf':th the steepest slope within the temperatures given in the question.

170. (B) The Ag* is not soluble as a chloride or a sulfate, butit is soluble as a nitrate.
171. (A) The chloride from NaCl forms an insoluble precipitate with Ag* (AgCl).

172. (E) First, we calculate the number of moles of NaOH (and OH™):

i i . d to move the decimal over three
L% 0.4 M = 24, but the unit M is mol L™, so we nee !
?&gjs to account for 1,000 mL per liter .-, 0.024 mol N2OH {or, convert to L before doin
the caleulation) . 0.024 mole OH™ (only one OH per NaOH). :

Next we calculate the Ba (OH), (and OH"): 40X 0.6 M=0.024 mol BaOH, .. 0.048 mole
OH~ (2 moles OH™ per mole BaOH,).

Thete are a total of 0.072 moles OH (0,024 + 0.048) in 100 mL (0.1 L, add the volumes)
so the molarity is 0.72 M.

We can use a variation on M,V = M,V to solve this problem, but we need co remember
that when mixing solutions, we must add their volumes.

M.V, + MV, =M3V;

(0.06) (0.4} + 2 (0.04) (0.6) = M, (0.1)
173. (C) The first solution, a mixture of CuCl, and MgSOy, is totally soluble. That not

only tells us that CuCl, and MgSOj are soluble, but the products of the doluble replacement
reaction berween them are also soluble. That would be CuSO,4 and MgCl,.

When the student then mixes Al,(S50); and Cul,, however,'a prccipiltatf: Forrl[:lsl.t XZ
assume Al,{SO )5 and CulF, are soluble because they were combined as solutions,
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of the products of the double replacement is obviously not soluble. AlF; and CuSOy are
the products. We may have our solubility rules memorized, but for this particular question,

we don’t need them. The first solution made by the student alteady tells us thar CuSOy is
soluble, so we must conclude it’s the AlF,,

The important thing ro remember for this"question is about making sure the charges on
our ions are correcr so we can predict the formulas of the new compounds, The oxidation
state of copper is obvious, all the alkali earth metals take on a 42 oxidation state, and all the
halogens take on 2 —1 oxidation state, but we’d have to have memotized that Al always takes
on 2 +3 oxidation state, and that the sulfate jon, SO4*", has a -2 charge.

A wrick for remembering the oxidation states of Ag, Zn, and Al: they are connected diago-
nally on the periodic table, and as we progress from Ag to Zn to Al, the oxidation states
are +1, +2, and +3. Many transition metals take on more than one oxidation stare, but Ag
and Zn are two important exceptions. So much so thar the parentheses that indicate the
oxidation states of transition metals in ionic compounds are not used for compounds with

Agand Zn.

174. (D) Ideal solutions ere like ideal gases, they don’t exist. However, they are useful
imaginary models for predicting the properties of real solutions {and gases). An ideal solution
is one in which each of the particles in solution is subject to the same forces it would be in
its pure state. In other words, the different molecuies present in an ideal solution have no
greater or lesser attractions for the other molecules in the solution as they do for their own
kind. There are some assumptions about ideal solutions we should be familfar with: (1) The
volume of the solution is purely the sum of the volumes combined. ‘There is no expansion
or contraction upon mixing. (2) The heat of solution is zero. It’s neither exothermic nor
endothermic. (3) All the components of the solurion obey Raoult’s law (the vapor pressure
of cach component of the solution is pro portional to the mole fraction of that component).

The vapor pressure above an ideal solution is ideal, toothe rotal pressure is the sum of
the partial pressures of the constituent gases (they obey Dalon’s law of partial pressures),

The pairs of liquids in choices {C} and (E) are not miscible so we can eliminate them imme-
diately. Choice (A) is incorrect because HCI has a faitly exothermic dissolution (violates
assumption No. 2) and ir also dissociates into ions, which form ion-molecule attractions
with water instead of hydrogen bonds (violates assumption No. I). Finally, HCl is a gas
under standard conditions and this is fairly volatile when in a solution. Choice (B) is rempt-
ing because ir is an alcohol that can hydrogen bond with water, however the CH;CH,—
group is nonpolar and would have a greater attraction for other CH;CH,0H molecules
than it would for water. It’s 2 tough choice, bur overall, the pairs of liquids in choice (D)
are more similar than the pairs of liquids in choice (B).

175. (D) The most direct and efficient method to determine the molarity of the solution is to
measure the mass and volume of 2 sample of the solution (or, the whole solution). We need
two pieces of information to get the unit of molaricy (M}, mol and L. If a solution contains
10 percent hexane by mass, let’s assume we have a 100 gsample. That's 10 g, or .12 mole, of
hexane. The volume of the sample will then allow us to calculate molarity. To make sure we
answer a question like this correctly, we can try imagining the situation. We'll find with this
problem that we must know the mass of the sample to cafculate the number of moles of solute. Once
we've brought in the assumption of a 100-gram sample, we've admitted that a mass is needed.
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176. (A) The trick in this question is in the units of glucose—milligrams. The obvious mis-
take is assuming we have 2 moles of glucose: %%/, g4, but we really have 2/, gop mole glucose,
or 0.002 mole, dissolved in 200 mL of water, or 0.2 L. The final molarity of the solution is
00027 . = 0.01 M solution. Because glucose is very soluble and the solution is homogenous,
any sized sample will have the same concentration.

177. (C) The solution with the highest boiling point will be the one with the greatest num-
ber of particles. A simple calculation is to multiply () % (i) (i = the van Hoff factor, the
ratio of the number of particles a compound produces when dissolved versus the number
of particles of compound added).

m i Total # Moles Particles Particles
NaCl 0.2 2 0.4 Nat, CI
CaCl, 0.3 3 0.9 Ca’, 2CI
K3POy 0.4 4 .6 3K 1 PO
NaNO, 0.5 2 1.0 Nat, NO;~
Cy,Hy004, 0.6 1 1.2 C1oHOp

178. (C) To solve this problem, we must remember Raoult’s law: The vapor pressure of
an ideal solution (see Answer 174 for an explanation of ideal solution) is dependent on the
vapor pressure of each component and the mole fraction of the each component. Having
2 moles propylene glycol and 8 moles of water means that out of the 10 moles of total
solution, 20 percent is propylene glycol and B0 percent is water. The effect of the solute
(propylene plycol) is to lower the vapor pressure of the water because the solute is ronvola-
tife, that is, it doesn’t readily vaporize. If the solution is 20 percent nonvolatile solute, then
the vapor pressure of the solution will be 20 percent lower than the vapor pressure of pure
wates. 20 percent of 20 mmHg is 4 . 20 — 4=16 mmHg,

179. (C) The precipitate that formed after the addition of HC indicates that the solution
contained an jon that was insoluble as a chloride. Ag', Pb*", and Hg*" immediately spring
to mind. Out of those, only Ag* forms a soluble complex ion with NH;, Ag(NH;)?". The
ion that remained in solution must have been soluble in chloride but insoluble as a sulfate.
Out of the ions that are not soluble as a sulfate, Ba?*, Ca®" (not an answer choice), Pb%,
and Ag*, Ag', and Pb?" are not soluble as chlorides and would have aiready precipitated
(as Ag' did}.

180. (B) All ammonium and nitrate salts are soluble, as are all the group 1 salts, That leaves
BaCOQ)j as the insoluble compound.

Chapter 5: Chemical Reactions

181. (E) 1,0 is 18 g mol ™!, so 180 g water is 10 moles of water, one order of magnitude
greater than 1 mole (6.02 x 10%% molecules) .. 6.02 X 102 molecules.

182. (B) Carbon dioxide (CO,) has a molar mass of 44 g mol ™, so 4.4 g= 0.1 mole
(6.02 % 102 CO, molecules). Each CO, molecule contains two oxygen atoms, s there are
0.2 mole oxygen atoms or (0.2) X (6.02 x 102%) = 1.2 x 10% atoms of oxygen.
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183. (A) RibOSE llas a [Il(llal' m = mole r b()se 6 “2 ”23
3 a-SSOP 50gm0 1 50 Sg_OO i
X > - .01
IIbOSe Illoleculﬂs)i Eﬂ( h [ll)ﬂSC has 10 hydl’ogﬂﬂ atoms, so there are 0 OI X ID(—‘ V) lxlll()le
llyd[()gen atoms ‘;.02 X 0 hyd[() €Il atoms), o# order i s £ - .
( ‘ % - g )J 4 qf‘ tzgntudf lﬁ’.ﬁ [han 1 mOlC

184. (E) The compound is Ti(COY),, titar?ium hexacarbony[.

Assume 2 100-g sample to convert

percent to numb
noles an inelche e e er of grams. Then convert grams to

whole number mole ratio between them.
22.2 g Ti @ 48 g mol™ = ~0.5 moles Tj + 05=1
333gC@12gmol ' =-3moles+0.5=¢

44450 @ 16 g mol ! = ~3 moles = 0.5=6

Remember to tse the torL en
_f . .
. XY (IGg wmol ) wbm mlculatmg s percent in a

185. {(A) Assume a 100 g samp
Ty ssume rhem'g mple, convert to moles and find the simplest, whole number

92 g Cx (12 g mol!) = ~8 moles
8 g Hx (1 g mol™") = ~& moles

ere is 2 1:1 ratio of carbon-to-hydrogen atoms, so CH is the empirical formula

186. (C) The molecular formul
3 a of a compound is i i
empirical formula. If we calculate the molar n[iass of cacil ‘:? Slif; ::sﬁl: rclfgrclet;pl(ej}{l)(glts

g C2 3 2 b ?

29 IIlOl > II O = 13 g IIlol 3 CIIZO 30 g ﬂ“’l alld CI iZOZ i6 g nlOl CI JZO
3 4

ar 0 g IIlnl , 18 tllc Uﬂl CllOICC dlat 1 ;0 g Hl()l <an dlvlde mnto Wlthout a IEIllauldeI

Sy it L

é h:;i é; ESE ;1lisson;l';ea;1§£:r{ca_al ﬁofrmula for the monosaccharides, a class of carbchydrates)
iri it i .

Py pirical formula, it is the molecular formula of ribose (CH,Ox5=

187. (E} We're already given the number of mole of

} each
the simplest, whole number ratio between them eloment, so we only need tofind

0.2molePd+0.2=1

0.8 mole C+02=4
1.2moles H=0.2=6

0.8 mole O+ 0.2 = 4. PACHO n the C, H
R 4HgOy, but we can factor 2 from th ip
’ it ' . rom the subscript
and O (the nonmetals which are forming a complex around the Pdl cation)nto ;:{)(C[ :I C; ) J
251322,

palladiom acetare. 'The formula Pd i
PO, oo highi l;lts dfzfii?ﬁ)z ISh much more structurally informative than
s ac there are two acetate ions attached to each
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188. (D) Assume a 100-g sample, convert to mole and find the simplest, whole number
mole rario between them.

38gF@19gmol =2 moles + 0.5=4
62gXe@ 131 gmol™ = 0.5 mole = 0.5=1 .. XcF;

189. (B) If a hydrocarbon is 75 percent catbon, it must be 25 percent hydrogen (100%
— 75%). Assume a 100-g sample, convert to mole and find the simplest, whole number
molar ratio between them.

75gC@12gp mol™ =6.25 moles + 6.25 =1
25gH @1 gmol™ =25 moles +6.25=4 .. CH,

190. (B) The excess H, tells us that this is not a [imiting reactant problem. The molar mass
of Cu, O is 143 g mol™ bur that piece of information is not needed to solve the problem.
It is a red herring. What we want 1o know is that 0.05 mol Cu,O has 0.1 mol Cu, since
there are 2 moles Cu atoms per mole of Cu;O. The molar mass of Cu is 63.5 g mol™, so
0.1 mole weighs 6.35 g,

191. (D) A coordination complex consists of 2n atom or ion surrounded by an array of
ions or molecules (called figands). The central atom or ion is typically 2 metal (most often
a transition metal) and the complex it creates is often charged, which is a clue for identify-
ing the complex. In choice (D), Pt is the central metal and che chloride ions are its ligands.

192. (E) Chlorine has an oxidation state of 0 in Cly, —1 in CI" and +5 in CIO™.

193. (A) An acid and a base are the reactants of a neutralization reaction. A salt and water
are the products.

194. (B) A precipitation reaction produces a solid (if the state of matter of the products is
not specified, look for-an insoluble compound).

195. (C) Combustion reactions consume O, as a reactant and produce oxides.

196. (A) An acidic salt is formed when a strong acid reaces with a weak base. Weak bases
form good conjugate acids, whereas strong acids form weak conjugate bases. For example,
if CI” was able to pick up H' in solution, then HCI wouldn’t be a strong acid because it
wouldn’c fully dissociate in solution. The Cl”would pick up H* ions and an equilibrium
between HCl and H* + CI™ would be reached. The equilibtium of a strong acid/base jon-
ization isn’t a true equilibrium. The reaction goes to completion. The concentrations of
products and reactants don’t change, but only because the reverse reaction doesn’t occut,
not because the forward and reverse reactions occur at equal rates. In fact, the concentration
of reactant in strong acid or base dissociations is practically zero.

197. (E) Solid aluminum is not oxidized during this reaction. (Sec Answer 11 for an exceps
question strategy.)

Important Note: Questions like this will typically not appear in the multiple choice section of the
exam. The free response section, however, has a mandatory “Reactions” section that requives test
tabore 10 1ppite gt d Balaneed aauaiton and dnenien a aaeciinn dbant 1
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198. (B) Sodium carbonate is not produ d b i i i

imporant note ol oo 57.) ced by the heating of sodium bicarbonate, (See
199. (Al)l The cor'npoun_d P4O; does not form under the conditions in question. Tt is nor
a naturally occurring oxide of phosphorus. (See important note following Answer 197.)

(2:{;10: (A}ECzhoices (B) through. (D) contain the spectator tons of the total jonic reaction
~hoice { ) invelves the formation of HI, a strong acid, which is not produced in thi :
tion. (See important note following Answer 197.) o

201' (E) IiCI(.q aﬂd OII O =
I: (ﬂq) Ihe exothermic Ileutla.llzanoﬂ Would Increase the temy

CaCOyy,p and HF,,)= Bubbling from the carbon dioxide gas would be observed.
Mg and HI )= Bubbling of the hydrogen gas would be observed.
Pb(NO3)2(,,9,) and NaCl,,, form an insoluble precipitate (PbCl,).

Tﬁf mizing of NHNO;,,,) + HCl,, solutions is not very exciting. They are both very sol-
uN 8 in water :md.a double replacement switch produces no insoluble compounds. Nitrate
E p 37) Ia_;l;l chloride (CI7) are poor co-njugate bases and will not pick up protons in solution
o torm HNO; or HC, two strong acids {see Aaswer 196 for an explanation of why strong

acids form the weakest conjugate bases). Ammonj ide i
. nium chl
(See Answer 11 for an except question sirategy.) eHoride s complely solubl al:

202, i ion i i i
. éC) A combustfon reac.tlon is a vigorous, exothermic, self-sustaining reaction in which
& mflu sta'l;}cles combine to give off hear and light. The combustion reactions we are most
iar idizi i i i
ar with use an oxldlz-m_g agent (like O,). Choice (E) is an oxidation, bur the oxidizing
agent in not represented, it is an electrochemical half-reaction

203. (B) It’s the only reaction that produces an ion, Cdl,*.

204. (E) R, : Oxidati
elcctro(ﬂ s)' emember OIL RIG: Oxidation Is Loss of electrons, Reduction Is Gain of

205. (A) Carbonates form CO, gas when acidified according to the equilibrium equation:
+ e -
H () + COa (aq) <:> H+(ﬂq) + HC03 {ag) (=] H2C03 — COZ(g) + HZO(D

206. (D) When balancing the combustion of carbon—con'taining compounds, balance

clzirl,mn atoms first, hydrogen atoms second, and oxygen atoms last {remember Mrs. Cho
she’ll help you balance combustion reactions}, - ,

;C6H14+1202—)QC02+1_4H20

207. (C) When balancing the combustion of carban containing compounds, balance

carbon atoms first, hydrogen atoms second, and ox
: > ) en atoms |
she’ll help you balance combustion reactions). yacn soms st (remember Mes. Cho,

1 CH,CH,0CH,CHygy +6 Oy~ 4 COyy + 5 H,0,,
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208. (C) This reaction can be quickly balanced by noticing that the H,O on the left side
of the arrow has the hydrogen and oxygen atoms that will be distributed of NHj; and OFL™.
On the righ side, we can see that each warer molecule breaks up intoa hydrogen ion and a
hydroxide ion, so we need 3 water molecules because the N from LizN will need 3 hydrogen
ions to form ammonia.

_1_ LlaN(j) + i H?_Oﬂ) - i Li+ﬂ’q)+ i OHi(ﬂq)'f' l NH3(g)

209. (B} To balance redox reactions, it is typically easiest to use oxidation states. We know
that Cr**(,,; needs 3 electrons to be reduced to Cryy. The confusing part may be with the
chlorine ions. Each CI7;,) needs to lose 1 electron but we need them to combine in pairs
to produce Clyg;, so we should immediately put a 2 near CI™ (4 to remind us later that we
accounted for chlotine’s electrons in pairs. We know we need 3 electrons to reduce chro-
(mium and 2 electrons to oxidize the chlorines. The least common multiple of 3 and2is6
electrons, and we see that if we lost 6 electrons from 6 chlorine ions (or 3 pairs of chlorines),
we'd be able to reduce 2 chromium ions.

2 Clyr(nq) +6 Cl—(ﬂq) -2 Cr(f) +3 Clzfg)

210. (D)) When balancing an equation that contains a polyatomic ion, keep the ion
together when possible. For example, the first thing we might balance is the magnesium.
Once the 3 is in front of Mg(H,POy),, we are left with 6 H,PO,™ ions. It's easy to see
that the phosphate from magnesium phosphate picked up a hydrogen ion from phos-
phoric acid (H3POj), so we can work bacleward. 'There is a 2:1 ratio of phosphates berween
Mga(PO,),q and HyPOyg, so the 6 we have in the products should be allocated accord-
ingly. Six phosphates can be allocated to 4 phosphoric acid maolecules and the other two
come from one magnesium phosphate.

1 Mgy(PO)z + 4 HsPOg — 3 Mg(H,PO)s,

211. (D) Important note: 4 type of balancing that appears on the AP Chemistry exam is a redox
reaction occurring in an acidic or basic solution. If a question like this appears in the multiple
choice section, just balance as you normally would. If the number of each atom on the reactant
side of the equation is identical to those in the products, nothing else is needed. However, if it
doesn’t work, or the question appears in the free-vesponse section (probably assaciated with an
electrochemistyy problem) and asks our work be shown, we should be familiar with the procedure.

To balance redox reactions that occur in acidic and neutral conditions: (1) Balance
the atoms other than oxygen and hydrogen. (2) Balance oxygen atoms by adding water mol-
ccules. (3) Balance hydrogens by adding hydrogen ions. (4) Balance the charges by adding

electrons.

3 CH,CH,OH + 2 Cr,0,% + 16 H* — 3 CH,;COOH +2 Cr** + 11 H,0

212. (C) See important note in Answer 211. To balance redox reactions that occur in
alkaline conditions: (1) Balance atoms other than oxygen and hydrogen. (2) Balance oxygen
and hydrogen atoms az the same time. To balance oxygen, we can add hydroxide ions or
watet, but they both contain oxygen and hydrogen. However, there is a 1:1 hydrogen-to-
oxygen ratio in OH™ and the 2:1 hydrogen-to-oxygen ratio in H,O. To add a hydrogen
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atom, add a water molecule, the only way

P to be “one up” on hydrogen in the hydrogen-

l MHOZ +2 OH_',‘l 02 - an042_+l H20

213. (Q) %en given the amounts of both reactants in a problem, check for limitin
reactants, A simple way to do this is to take the number of mole of each reacta g
divide it by its stoichiometric coefficient in the balanced equation. In this case, 0 Z tniml
(?S;,. + 1 =0.4, and 1.20 moles O, + 3 = 0.4, Because their quotients are equal, ’t/n;re z‘so ,
limiting reactant. The two reactants are available in the correct ratio. If there is no [imici .
reactant, use the reactant that has the easiest numbers to crunch. In this case, it is 0.4 mlonlg

CS;. One mole CS, would produce 3 moles of
products (1 mole of CO
505) so 0.4 mole CS, will produce 1.2 moles of products. e 2 and 2 moles of

a2114. (D) Both the products are gases and the total number of them produced is 3, which
so happens to be the nu_mber of moles of O, required to produce them. So the number of
moles of gas produced will be the same as the number of moles of O, that reacted.

215. (A) There are 3 moles of gas produced for every mole CS; reacted. If 33.6 L. of

gas fo1:med at STI‘T, then 1.5 moles of gas is produced (33.6 L x (' molgss D). The

Erlnit:; C1;2/casy: 1.5 1;)half of 3, so 0.5 mole of CS, reacted (or, 1.5 moles p.roducts e
3 mol products//+

2016.L (B)o 6()ml:'leH(l;llundred fnL (0.1 L) of 0.6 M HCI contains 0.06 mole H' jons
.( I Lx (‘- ' _ /11.)) which will get reduced to 0.03 mole I, gas (Zn is above hydrogen
in the activity series and will lose electrons to H* ions in an acidic solution). Because the
reaction occurs at STP, we don’t need to use a gas law, only th i .

gas=22.4 L - 0.03 mol x 24l =0.672 Lg,“;[ 67’2 mi. e conversion factor of 1 mole

For Questions 217-219;

(A) 450;o0nly

{B) 250, and 2 S0,

(©) 380;10;and 250,
(D) 380,and2 O,

(E) 40O, and 5 SO,

217. (P) The reaction of 3 moles of SO, with excess oxygen would produce 3 moles of
SOj. Since 1 mole of O, is needed for the reaction, and the question asks for 1 mole O, in
excess, we need to start with 2 moles of O,. Choice (D) is the only one that conrains oznl

reactants (see list above for the contents of each box), so we could have easily chosen hy
correct answer without even doing the stoichiometry. ! o

218, (B) A simple way to check for a limiting reactanr is to take the number of moles of each
reactant provided in the question and divide it by its stoichiometric coefficient in the bal-
anced cc,luation: 4mol 8O, +2=2and 1 mol O, + 1 =1 ., O, is the [imiting reactant, so
we won't get 4 moles of SO;, we'll get as much 505 as what 1 mole of O, will produce vs:ith
excess 5O, (2 moles). We started with 4 moles of SO, and 2 moles were consumed t pro-
duce 2 moles of SQ,, leaving 2 moles in excess. (See list above for the contents of each bI:)x.)
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i imiting reactant is to take the number of m(?les of
T Slmp:szzyhtlotﬁgzcrefg;i la;r(liu:iljlfiée it by its stoichiometric coc{fﬁcient llln tﬁf
I o :5 mol $O,+ 2 =2.5 and 6.5 mol O, + 1 =6.3, s0 8O, 1s_nour m -
e equai;(c/)'nl'l 5 moles ozf $O,, we can produce 5 moles of SO; and wi c-:onslt;m
glg rc(":g;a:; O 11:1 the process. That leaves us with 4 moles of O, in excess. (See list above
.5 m 2

for the contents of each box).

220. (B) When we are presented with the quantities of two or mote rcacil;_:tli iop:;lietﬁ;
: k for a limiting reacrant. A simple way to check _for a llrmltu-lg r‘eab atis (o take the
o d;)ec f moles of each reactant provided in the question and divide it by its(.)s ichlomes
e e[;-lo' o in the balanced equation: 0.1 mol NH;+ 4 = (1025, 0.1 mo zd- ; .ith
¥ COC‘ Cle:‘ ;'uniting reactant. The maximum amouni of NO that can b46 pJ:No (;lce wi
(‘)j?;l::l::f O, is 0.08 mole of NO (0.1 mol O, x dmol NOf. 01), or24g .

221, (E) The reaction of NH, and O, proceeds according to the equation:
4NH3+50,—>4NO+6H,0

Th 5 gl q estl Ic th

€ 4 Ill()la[ ratio Ven lIIC (1] On a e exact C()CHiClC]ltS 0] l]lE reactants 1n l'_hC
hﬂlallced equﬂtlﬂ]l, Wh[Ch [Ila.l{es the p[O])lem fal[ly SlUlPle BeCause the P[Dble[]l states
I:hal tlle reactants IEHCtEd 100 pe[CCnt, Onlv 4 ratio [hat If:ﬂccts [hﬂ same Ie.latlollshlp as the

stoichiometry in the balanced equation could be given.

. _— orL.
The products, NO and H,yQ, will be present in a 4:6 ratio as given in the blala?ncz;:ls c:)qfu;t(l:c)) -
Refnimber liowcvcr, that these are mole ratios, narlnllas: raulos. 1\T]I(1;3 E'ui 2:1(; o ol
= fH,0 =18 g mol™'. 4 moles = :
ey [110110;3 aﬂdi Z;l(l)egn-]l-oiﬁt}n;ais‘?zti g? the exac% yield of the reaction. If the nurr_lbg_rcs) E:n
'Hzao p:oblemg.don’t align perfectly with the balanced equation, use the mass stoichi Ty
in

instead. For example:
4NH,+50,— 4NO + 6 H,0
(4 moles NH3) (17 g mol™) + (5 moles Q) (32 ¢ mol™!) -
{4 moles NO) (30 g mol™) + (6 moles F,0) (18 g mol ™)
68 g NH, + 160 g O, — 120 g NO + 108 g H,0

Now we can determine the percent mass of each produce:

208N/ 8 g ol = ~33% NO . 47% H,O

i t
You must use the 228 g from the addition of 120 gNO + 108 g H, flrofn the ;guat‘:): v::()) Efd
he correct percentages. If we were given another mass of product, e; 5 .saty 2 eg,m i
E ke the 53 percent we arrived at by the method above and then apply it to
! .
in the problem: 53 percent of 72 g = ~38 g NO .. 34 g H,O.

Lx= /
222. (C) We use M, V; = M,V, .. {0.375) (400) = () (500) . x= 0.3 M. Add volumes

when combining solutions.
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731.41). Since we need 22.4 in the denominator, we can imme-
diately eliminate chojces (A) and (B). Next, arrange an expression that converts mol of NO
produced into mol O, consumed using the stoichiometric coefficients from the balanced
equation (moles NO produced x 5 mol Oz consumed 4 mol NO produced = moles O, consumed). We
need the fraction 5/;, which leaves (E) as our only choice.

224, (B) When presented with the quantities of two or more reactants in g problem, check
for a limiting reactant. A simple way to check for a limiting reactant is to take the number

ficient in the balanced equation. 2.5 mol NH;+4>2.5mol O,

+ 3, therefore Q, is our
limiting reactant and NH; would remain in excess.

2.5 moles O, available x 4mol NH; consumed/ o 3 consumed = 2 moles NH; consumed

We started with 2.5 males NH;.~. 0.5 mole remains.

225. (A) When presented with the quantities of two or more reactants in 2 problem, check
for a limiting reactant. A simple way to check for a limiting reactant is to take the num-
ber of moles of cach reactant provided in the question and divide i by its stoichiometric

coefficient in the balanced equation: 6 moles KO, + 4 < 9 moles CO; +2 . KO, is our
limiting reactant.

6 mol KO, x 3mol 0y, mol k0, = 4.5 moles O, produced

226. (A) When carrying out stoichiometty with gases under the same conditions (tempera-
ture and pressure), we can treat volumes like moles (at the same temperature and pressure,
equal volumes of any gases have the same number of particles).

610, %22, =41.CO,

227. (A) Because we are given answers in L, it is easiest for us to convert CO, o L first, and
then use the gas stoichiometry shortcut described in Answer 226 {treat volumes [ike moles),

29 g C02 x ]m(ﬂ/‘iég = 224 le mol — "‘15 L COZ
15 L C02 X 3021‘2 COZ = 2.25 L 02

228. (A) The net ionic equation for just about every neutralization reaction is H*+ OH- —

H,0. Na* and NOj,~ ions are {always) spectator ions. ‘They remain in solution (in other
words, they don’t react) for the entire reaction.

229. (B) An addition reaction is mainly limited to alkenes and alleynes. A typical addition
reaction on the AP Chemistry exam will add a halogen to an alkene. Reaction (A) is a sub-
stitution reaction. A substitution reaction occurs when a functional group (or a hydrogen
atoim, as in this reaction) is replaced by another group (or element, often a halogen). These
reactions mainly involve alkanes. Reaction (D) is saponification, the process that produces
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soap from fat and a strong base (typically NaOH, also called lyc). The result is a soap of the
carbosylate (in this case, it is a fatty acid, 2 long hydrocarbon chain with a carboxyl group
at the end). Reacrion (E} demonserates photosynthesis.

230. (E) The reaction between carbon dioxide and water is worth memorizing.

COyp) + HyOg ¢ HyCO; & Hggyy + HCO3 oy H' 4+ CO5™ g

Chapter 6: Thermodynamics

231. (B) The definition of lattice energy (kJ mol™). (Sec Answer 52 for a description of
the Factors that determine lattice energy.}

232. (C) The definition of (Gibb’s) free energy (AG, k] mol™). (See Answer 239 for an
explanation of Gibb’s free energy.)

233. (A) A definition of activation energy, E,. (See Question 234 for another definition
of E, and Answers 235, 241, and 251 for descriptions of the different aspects of activation

energy.)

234, (A) Another definition of activation energy, E,. (See Question 233 for another defi-
nition of E, and Answers 235, 241, and 251 for descriptions of the different aspects of

activation energy )

235. (A) Yet a third way to consider the activation energy, £, of a reaction (see Question 233
and 234) is thac it reflects the sensitivity of the reaction fate to termperarute changes. The
Arrhenius equation quantifies the relacionship between activation energy and the rate at
which a reaction proceeds: E, = RT In (/,), where Ris the universal gas constant, T is the
temperature, k is the rate constant, and A is the frequency factor for the reaction, a constant
for a given reaction that represents an empirical relationship between temperature and the
rate constant and has the units 570 (See Answer 241 for an explanation of how the Arrhenius
equacion illuminates the relationship between E, and K.}

236. (E) Substances undergoing phase changes don’t experience a change in temperature,
an indication of the average kinetic energy of the particles. Instead, the potential energy of
the particles changes as they change positions relative to one another.

237. (D) The formula for kinetic energy is ¥2 mv?. Graham’s law of effusion allows us to
calculate the relative speeds of two different gases at the same temperature and is derived
from the formula for kinetic energy, which can be rearranged to solve for the average veloc-
ity, v, of the paticles. Because they are at the same temperature, the value for kinetic energy
(which is proportional to but not equal to the absolute temperature) is the same for gases 1

and 2:

1 mv,> =% myvy?

= (m1 m,)

Solving for v /vy ‘“/‘,2 =

The velocity is inversely praportional to the square root of the molar mass. {See Answer 123 for
an in-deoth explanation of effusion.}
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238. (B) The definition of zero cntropy is a perfect,

third law of thermodynamics). pure crystalline solid at 0 K (and the

239. (E) Gibb’ i
AG9= EA }){ (_}'z'?bA sS ﬁiee. energy is a thermodynamic state function given by the formul
dome by sy ( tis a measure of how much useful (but nonmechanical) work camia
done by Cq);j om ara lionstzlnt p;elssure and temperature). Systems in disequilibrium, th ':
, lum, have the ability to do work as the ili Onc
atex y move toward libri
:liz)iqlzlg;llm_l’l:{ 1'1I?lmore work can be done. A useful form of the Gibb’: %Eelele:;m. onee
Cala,l[ated i;the Kenifek?; allow;/[ the standard-state free energy change of a reactigﬁ ?:gul;
AEhe Req 15 known. Mote importantly, it shows that the eguilibri '
for a reaction is a function of the free energy change (for reactions in solgtii);)num ablihed

240.
pjﬂﬁi es(ﬁl)egf star_ldardfenthalpy of formation (AH"):) is the enthalpy change that accom
panies dm:mon of one mole of a compound (or an element in its nonstandard )
fr l_]ubs stat?l ard-state elements. For example, AH"fC( ) =0 kJ mol™!, AH°, O Sgltl:)
o ° = t , o
vl ofl'::tarbz nAIi ({,ﬂ%om ) } —=393.5 kJ mol™, which rells us that the form);tiozr(‘lg: of ong
¢ gas from 1 mole of Cgy and 1 mole of 34 Is exothermic and

produces 393.5 kJ of heat.

241, (D) Tke ; 7 i
2L d( tge ” tArrbezfuL equation quantlﬁes the relationship between the activation ener

. ate at which the reaction proceeds: E, = —RT In (*,) where Ri iver]
gas constant, T is the temperature (i is the o the i o ot
g constant, T s dhe e perature ﬁ(lm K), £ is the rate constant {from the rate law) for the

, € frequency factor for a particul i i
ro ar reaction. It is 2 quanti

to the frequency of collisions between particles that are correc F o e

tly oriented to produce an

effective collisio i i yosit]
n. Any reaction with a positive activation energy (the vast majority) will

experience an increased rate of reacti ith i

eaction with increasing tem|
. ; erature.
an explanation of how E, is measured, Answer 251 ot a oo Anwer 235 or
tion energy, and Answers 277 and 278 for further ex
energy, and reacrion rate.)

for a practical deseription of activa-
planations of temperature, activation

242, (D) An exothermi i
. ermic reaction that increases i

entropy will be spont. i
at all temperatures. In general, nature prefers moving e enersy o)

: t
entropic state. {See table below.) oward 2 lower energy and more

AG AH AS T
— {spontaneous) — {exothermic) +(0 entropy) all
+ (nonspontaneous) + (endothermic) - entropy) all
— (spontaneous) — (exothermic) - entropy) low onl
+ (nonspontaneous) -+ {endothermic) +(N entropy) high onTy

243. b . .
43. (A) Melting is an endothermic reaction (heat must be added) that increases entropy.

SOLID = LIQUID = GAS

Least entropic (add heat) (add hear) Most entropi
7
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244. (B) Both deposition and condensation are exothermic processes that decrease entropy.

LIQUID = SOLID
Least entropic

GAS =

Most entropic (remove heat)

(remove hear)

i igni llulose. Lignin is a complex chemical
245. (D) Wood is mostly made of lignin and ce . !
compound (its formula is CgH,0,, C;;H;,0;, C “H.l 404 and cellulose is a lardg%I h(r;ei;'
polymer of glucose (CgH,;0),.. Their combustion with O, produces CO, and H,
follows {for one glucose):

C6H1206(:) +6 O?_(g) -6 COZ(g) +6 HZO(g)

"The combustion of wood (er petroleum products) is highly exothcrmicf (which is wh)}(l wl:
use it for hear, light, and work) and produces six more moles of gas t}-lﬂl'l it co-nslllllmes, w I-CC

results in increased entropy. In addition, the high hear produc?ed is 'also hig -YFZJUOIEI .
Remember, the definition of zero entropy is a perfect, pure crystatline solid as 0 f{( (it's :;1-1 Z
third law of thermodynamics). Any deviation from 0 K and/or a pure, per (;(J:} crystallin

solid indicates that entropy is increasing, An increase in temperature typically increases
the entropy of the system. (See table below Answer 242.)

246. (C) A reaction that is both endothermic and resu.lts in decrza;cd erég)py :ﬁg
never be spontaneous at any temperature (like the formation cf)f wott)h ::Lr; o dzo(g;t nd
Hzo(g). Plants do it all the time, but it tall(es 2 lot of energy ( rc(i)rll;l. hzr an) 1o d Wilen
general, nature moves toward a state that is of low:er energy and hig o g():es The
an entropy reduction occurs in one process (organizing the chemistry lab), jodocs s FO):
creating more entropy in the universe. (The heat created. by our energy me ? ol Cn;r
example. Our mitochondria are only ~40 percent efﬁclenlt at com;ertmg (; e tabglz
into cellular enerpy, the rest is lost as heat, the most entropic form of energy.) (Se
below Answer 242.)

247, (E) The mixing of two gases at a constant temperature (an .adiabatic pro{c{eslsl is one
that occurs without heat transfer) must have a AH = 0. If no reaction occurs an the gasez
experience no forces of attraction or repulsion, then the entropy of the ;ys tem must ::l::e:asn
{AS > 0). The entropy of a system is proportional to the numberl of states a sys o
assumie versus the number of states that are “right.” For example, imagine a strange fecl
of cards in which each card has a number from 1 through 52 and, all 52 arekmI fl‘“;lmcncj
order. For simplicity, we will assume this is the only f)rdered state f)f the deck. ﬂt1 <t3 :EZIZ
are shuffied in any way, they are out of order, or disordered. It is easy to see ah

are there are (52 —1)! ways the cards are considered disordered and only ane way t le}: are
considered ordered. If there were only two cards in the deck, there.wouild be (3; 1, f;;
one way the cards could be disordered and one way they coul.d be zg_ or ;r, sod Z trf;)
(different) components thar make up a system, the more potential for disorder and entropy
in the system.

248. (C) To calculate the AH,, from AH"; values, remember a simple formula:

AH,, = (AH",PRODUCTS) - (AH"/REACTANTS)
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Add the AH®/ of the pioducts and reactants separately,
of the reactants from the sum of the products. Be carefisl
the AH® of each substance by its stoichiomerric coefficient,

then subtract the value of the sum
with signs and make sure to multiply

AH,, = {AH°,PRODUCTS) - (AH*/REACTANTS)

AH,,, = (-635.5 + -393.5) - (-1,207.1)

AH,, = 178 = ~180 kJ mal~!

249. (C) This is a Hess law problem, Since enthalpy is a state funcrion (it only depends
on final and initial states, a D sign is usually a clue), it doesn’t matter how we get there,

only where we stare and where we end up. (4, G, and Sas well as T, V. and P are all stare
functions, wo.)

If we keep the conversion of graphite and oxygen to carbon dioxide, bur “fHip” the conver-
sion of diamond and oxygen to carbon dioxide (and remember to reperse the sign of AH),
the two equations cancel out oxygen (with a double slash) and carbon dioxide (with a single

slash) and their sum leaves us with the conversion of graphite to diamond that we wanred:

Cographizg + Oy €05, AH =3935k
€260 = Cltimmanay + OagyAH = +395 4 k)

C(gmpbirc) - C(a’;‘zzmand)AH =+1.9 k]

250. (D) One way ro think of entropy is as a measure of disorder in a system. The third
law of thermodynamics states that the entropy of a pure, perfect crystal at 0 K is zero.
Any change that takes a system further from that stare is typically thought of as increasing
entropy. This is mostly tue, and is 2 good guide to predicting whether a particular change

will increase or decrease entropy. For example, a mixture typically has more entropy than
a pure substance.

Under certain circumstances, however, the entropy changes expected are not whar s
observed. In this situation, the addition of Ca?* and CI” tons decreases entropy because the
water molecules end up becoming more ordered as they form hydration shells around the
ions. 'The entropy change of a system is the sum of the entropy changes of its components,
so even though the CaCl, became Zess ordered as it dissolved, the magnitude of the entropy
decrease of the water molecules was greater than magnitude of the entropy increase of
CaCl,. (See Answer 247 for an explanation of why a mixture is expected to have greater
entropy than a pure substance and for a different consideration of entropy.)

251. (D) We can think of the activation cnergy of a reaction as the energy needed for

the formation of the transition state of the reaction, It is considered an energy barrier to

the reactions progression. The spark of the lighter produces the heat needed o get the
combustion going by supplying the energy nieeded by the reactants to form the rransition
state needed to form the products. The combustion of the butane is highly exergonic, so
once the reaction starts, the energy it liberates supplies the activation energy for the other

butane molecules in the lighter (which are sprayed into the armosphere where they react
with oxygen).
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on’t go to bed at night worrying that our chemistry textbjool( wgll turn into
XEELOS?:):%S and %vater while wegsleep. The conditions at our desk don’t lla-rcl?rlde che acttl-
vation energy needed to start the process. But if we applied the heat of thlueJl dlg tf:lr ameso uc:
it {or, if we could get the spark to directly catch one of the Pages), we could easily aurn |
book into carbon dioxide and water (not recommended until gffer the AP Chemlzry.cxar}? .
(See Answer 235 for an explanation of how E, is measured, Answcir 24_1 for d;ct ;mat;?:tsu r1ep
berween E, and K., and Answers 277 and 278 for further explanations o p \
activation energy, and reaction rate.)

252. (D) (See Answer 250 for an explanation of entropy and Answers 243 and 244 for
tables of the entropy changes associated with phase changes.)

i i i d from a solid and a gas. (See
253. (C) Reaction (C) formed one kind of solid compoun
Answtgr 250 for an explanation of entropy, and Answers 243 and 244 for tables of the
entropy changes associated with phase changes.)

is | ichi icky part is that the AH_, is given in kJ
254. (E) This is a stoichiometry problem. 'The ticky p _ AH,,
mal ! CH,N,, but the stoichiometric coefficient of CHgN,, in the reaction is 2, That means
we don’t convert 6 moles of HyOy,) to HyOy;, we only need to convert 3 (because we're
asked per mole of CHgNj).

HZO(g) — HZO(I) =—44 l{] mol™ % 3 mol=—132 k]'

The negative sign indicates the condensation of water is exothermic {which wcb pr(?bab[);
already knew), bur that means we will actually get more energy out of the combustion o
CHgN,, so we'll want a AH value chat is mere negative

~. =1,303 & mol™! + (132 kJ) =—1,435 k] mol-".

255. (A) If a reacrion lowers the temperature of the container in wrhi_ch it oc.cuclis, the reac-
tion is endothermic. It is absorbing heat from its cnvi.ronmffnt; this is whAySu hecrf:asez 3152
temperature (it is losing heat to the reaction). Most dissolutions have a +AS, they incr
entropy. (See Answer 250 for an exception.)

256. {A) The units of AS are ] mol™ K71, not k] mol™!, like AG and AH. A spontane-
ous reaction has a —AG. If the reaction is spontaneous erfy at low t.len'epemmres, rhtc)nlwe
know cthat the reaction is exothermic and the entropy change is positive (see table below
Answer 242).

AH—-TAS <D
(—18,000 ] mol™"} — (300) (AS) <0
300 AS < 18,000 .. AS < GO | mol™!

ion i ilibrium. Ar equilibrium,
257. (D) The double arrow tells us that the reaction is at‘equl 1
AG = 0. Using Gibbs free energy equation AG=AH — TAS, lfA_G = 0. tlllen AH= TAS.l ]‘?or
a phase change, the change in entropy is equal to the heat of fusion divided by the melting
point temperature (in Kelvin).
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258. (C) We live in a fairly stable environment thanks to activation energies. We probably
don’t go to bed at night wortying that our bed will turn into carbon dioxide and water
while we sleep. The conditions in our house don’t provide the activation energy needed
to start the combustion process. But a bed in the middle of a forest fire would quickly be
consumed and become a great mass (and volume) of gases. The higher the E, of a given

reaction, the more thermodynamically stable the reactants and the more encrgy they

need to form the activared complex in their transition to product(s). We literally can sleep

at night because of the stability activarion energies provide,

259. (E) The short explanation (probably worth memorizing} is that 24 adiabasic, reversible
process are isenirapic (AS = 0, no entropy change). Tn an adiabatic process there is no heat
fow between the system and its surroundings .. Aheat = 0. If AS = Ahear arand Ahear = 0
“+ 3=0. The entropy of the gas in a cylinder is
and the entropy is decreased when its volume js
gas without heat exchange,
is unchanged.

increased when its temperature is increased
reduced. When we compress the cylinder of

its volume is reduced while its Lemperature Tises, so its entropy

260. (D) Bond energy is 2 measure of bond strengeh. It is the amount of heat required to break
one mole of a particular bond. All bond energies are positive numbers,
bonds is always endothermic. We use the formula H_,
(energy of bonds formed) ro determine the AH_
monic device to remember the formula js “

for B-FOR bonds FORmed.

because breaking
= (energy of bonds broken) —
using bond energy dara. A simple mne-
B-FOR” (before): bonds broken are accounted

For the reaction 2 Hyg)+ Oy > 2 H,0

The bonds brolen are:

2 moles HH—H bonds @ 432 kJ mol ! = 864 )
1 mole O=0 bonds @ 494 k] mol! = 439 k]
Total energy needed to break bonds — 1,358 kJ

The bonds formed are:

4 moles O—H bonds @ 459 k] mol™! = 1,836 kJ
Total energy released by bond formation = 1,836 k]

'The formula already accounts for the exothermicity of bond formation with the “—” sign,
so don’t change the signs; leave them positive.

AH,, = (enetgy of bonds broken) — (eneigy of bonds formed)

AH, = (1,358 k]) — (1,836) = —478 k] per 2 moles H,O
.~ The formation of one mole of H,0 s -239 k. Alrernarively, we could have petformed
the calculations for 1 mole H-—H bonds and ¥2 mole O, bonds to form 1 mole H,0.

Break a// bonds in the reactants and form @// the bonds in the products unless the reaction
mechanism fs known with complete certainty. If a band isn’t actu
reaction, irs formation will be included in the calculation, so the val
the formed bond will be subtracted from the bond encrgies of the

ally broken during the
ue of the bond energy of
broken bonds, canceling
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irself out (the magnitude of the energy change for breaking and forming a parll:lcular _bond
is the same, only the sign changes). For example, to break an H—H bond requires an input
of 432 kJ mol™! and forming and H—H bond results in 432 k] of energy given off. There
is no net energy change for breaking and forming the same bond.

261, (D} The AL, can be calculated by the formula:
AH_ = (ZAH"° ' products) — (ZAH?, reactants)

Remember that the AHrof elements in their standard states is zero. The stoichiometric coef-
ficient of each species must be multiplied to the AH®of that species to correctly calculate
the total enthalpy change of the reaction.

AH,,, = (ZAH®/ products) — (EAH, reactants}
Let AH?,CO; =% . —1,367 = (2x + 3(-286)) — (—278+0)
s =1,367=(2x—858) + 278 .. 2x=-787 . x=393.5 k] mol™!

262. (B) We use the formula AH,, = ():AH':'f products) - (ZAH, reactants)
Remember to multiply the AH®; of the compound by the stoichiometric coefficient in the
balanced equation to get the total enthalpy change.

AH__ = (9.7 —2(34)) ~ AH,_,=-58.31]

{Question 261 is similar.)

263. (D) The temperature decrease in the beaker indicates an endothermic reaction (the
reaction absorbed heat from the environment), therefore AH > 0. The gas liberated indicates
thar entropy was increased, therefore AS > 0.

264. (D) The activarion energies (E,} for forward and reverse reactions are ty'pi-cally differ-
ent. Activation energy is the energy difference berween the reactants and the activated com-
plex. If the forward reaction is exothermic, the E, = (energy of activared complex) — (encrgy
of reacrants). For the reverse, endothermic reaction, the E, includes the enthalpy change of
the reaction. In other words, the E, of the reverse reaction = (E, eegehermic oo + AH o) - If the
F, of the forward and reverse reactions are the same, the AH of the reaction must be zero.

265. (D) This is a Hess law problem.
The reaction we want is 2 COy) & Cg;+ COyy;

If we combine the other two reactions to produce this reaction, we can determine the AHm:.
Because enthalpy is a state function (it only depends on final and inicial states), it doesn’t
matter how we get there, only where we start and where we end up.

2 CO(g) = C(s) + COz(g)
CO(K) + H.z.@ﬂ =] C(_‘) + Hg@%) AHuzgﬂ =-131 k]
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We had to reverse both reactions to cancel out intermediates and end up with the correcr

forward reaction, so we must reverse the signs of AH®,4q for each reaction and add them
v AH g =—172 k].

266. (E) The K, of a gaseous system at equilibrium will #os change with pressure changes.
When the pressure on a gaseous system i equilibrium increases, the equilibrium shifts to
favor the side of the reaction with the least number of moles of gases. For a pressure increase
to shift the equilibrium, there must be « different number of moles of gas in the products and
the reactants. In reaction X, there’s 1 mole of gas in the reactants and 2 moles of gas in the
products, therefore increasing the pressure will shift the reaction to favor the reactants. In
reaction Y, there is an equal number of moles of gases in the products and reactants, so no
shift will occur with a pressure change. In reaction Z, there are 2 moles of gas in the reac-
tants and 1 in the products, so product formation will be favored under increased pressure.
However, when the new equilibrium is established, #e value of K, will be the same. Even
though partial pressures of the individual gases will change, their ratio (as defined by the
equilibrium expression) will have the same value for Kp. The numerical values of [g,, Kc,q, and
K, for a particular reaction only change with temperature.

267, (D) 7ke K, increases with increasing temperature for endothermic reactions and decreases
with increasing temperature for exothermic reactions. If we imagine heat as 2 product of an
exothermic reaction, adding more heat by increasing temperature pushes the equilibrium
to the lefe, favoring the reactants. The major difference between adding more heat and
adding more of 2 chemical product is that increasing the temperature is accomplished by
continually adding more heat, so the reaction remains “pushed” to the left; whereas adding

more of a chemicat product transiently pushes the equilibrium to the lef, but then the prior
equilibrium reestablishes icself.

268. (D) Gases are the most entropic state of marter and solids are the least entropic state.
Converting a gas to a solid decreases entropy, therefore S; | — 8, < 0.

269. (E) Thermodynamic data only quantify (or desctibe) energy and entropy changes in
chemical reactions. .

Chapter 7: Kinetics

For Questions 270-273:

{A) First-order for M, first-order reaction

(B) First order for M and N, second-order reaction

(C} First-order for M and second-order for N, third-order reacrion
(I3} Second-order for M and first-order for N, third-order reaction
(E) Second-order for N, second-order reaction

270, (E) If changing the concentration of M has no effect on reaction rare, we are looking
for a rate law that does not include M.
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271. (A) If the total concentration change of 2x doubles the reaction rate, we are looking
for a first-order reaction ([2x]' = 2, . 2= 1). Only A is a first-order reaction. In this case,
the concentration change of N made no difference to the reaction rate, only the concentra-
tion change of M.

272, (D) If doubling the concentration of M quadruples the reaction rate, the reaction
must be second-order with respect to M ([2x]' =4, .. ? = 2). The effect of N was not con-
sidered, so we are only concerned with a rate law that contains [M]2.

273. (D) If doubling the concentration of reactants increases the reaction rate by a factor
of 8, then the total reaction order must be 3 ([2x)* = 8, .~ ? = 3). If no other information
were given, both (C) and (D) are possible rate laws. However, if halving the concentration
of N reduces reaction rate by fourfold, then the reactant ordet for N must be 2 {[V% 1 =Y,

, ? = 2). Alternacively, we can invert the situation to read “doubling the concentration
of N increases the reaction rare by fourfold,” which is a little casier to consider. We can
eliminate {B) because we need a rate law thar contains [N]%.

274. (D) This question is asking us about the effect of surface area on reaction rate. As a
general rule, increasing the surface area of a solid will increase reaction rate. Breaking up
a solid doesn’t affect its concentration [choice (C}, although concentration isn't a term
typically applied to solids]. Choice (A) may seem alluring because it addresses (indirectly)
the surface area issue (exposure), but the iron needs to react with sulfir, not oxygen, and the
oxidation state of iron should be 0 to reacr with sulfur since it will losing electrons o reduce
sulfur, If the iron wete partially oxidized, it would be a less effecting reducing agent. (See
Answer 275 for a detailed explanation of effect of surface area on reaction rate.)

275. (B) This question, like Question 274, is asking us about the effect of surface area
on reaction rate. However, fwo answer choices address surface area. If we had two cubes of
wood, one with dimensions 2 % 2 x 2 and other with dimensions 4 x 4 % 4, their surface
areas would be 24 and 96, respectively (the units are irrelevant). The surface area of the
larger piece of wood is four times that of the smaller piece of wood which makes sense,
the cube is basically two times as large and since area has a unic of is a length?, (2 X length)*=
4 x the surface area. The volume of the 2 X 2 X 2 cube is 8, whereas the volume of the
4 x 4 x 4 cube is 64. As expected, the volume of the larger cube is eight times that of the
smaller cube. The unic of volume is length?, so (2 X length)? = 8.

Increasing surface area increases the rate of a reaction due to the greater exposure per unit
of volume or mass.

When we revisit our cubes, the 2 X 2 X 2 cube has a surface area to volume ratio of 2z = 3,
bur the surface area to volume ratio of the 4 X 4 x 4 cube is ?/¢; = 1.5. Notice doubling
the size decreases the surface area to volume ratio by one-half.

If the two solids are the same (wood, rwigs, sawdust) then the composition (and concentra-
tion, which isn’c a term typically applied to solids) does not change when we break it into
smaller pieces.

276. (D) Increasing the pressure only shifts the equilibrium (and thereby momentarily
changes the rate of cither the forward or reverse reaction) of a reaction thar involves gases,
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and even then, the number of gaseous moles of reactant and product must differ or the
pressute change has no effect. Increasing the temperature at which a reaction occurs will
almost always increase the reaction rate, whether the reaction is exothermic or endothermic.
{For explanations regarding the effect of surface area on reaction rate, see Answers 274 and
275.) (See Answer 11 for an except question strategy.)

277. (D) A very common misconception regarding the effect of temperature on reaction
rate is that increased temperatures significantly increases the frequency of collisions. The
small increase in collision frequency doesn’t actually have much effect on reaction rate.

In order for a chemical reaction to occur, the reacrants must collide, but the collision itself
will not form a product unless the reactants collide in the proper orientation to one another
and with enough kinetic energy. When reactanes collide in the right orientation and with
enough energy to overcome the activation energy of the reaction, they produce a product
(or a reaction intermediate, at least). This is called an effective collision.

Imagine Batman trying to fight off the bad guys under the misconception that more col-
lisions (berween him and the bad guy) will result in a higher reaction rate. He calculates
that if he uses his fingertips instead of his fists, he can get in five times more collisions than
with fust his two fists alone. According to his logic, a fight that would have normally taken
an hour should take enly 12 minutes. He goes off into the night, finds the bad guys, and
applies his new logic to their fight. He soon finds thar poking is no substitute for punching.
And just like collisions between reacrants have to occur not only with enough energy but in
an orientation that allows the reactants to collide in just the right position relative to each

other, a punch delivered to the face or belly is going to be much more effective at stopping
the bad guys than a punch in the arm or leg,

278. (C) Temperature increases the reaction rate of almost all chemical reactions, whether
they are exothermic of endothermic (there are some cases for which this isn’t true, and these
reactions have negative activation energies). Higher temperatures result in more effective
collisions (collisions with enough energy and with the proper otientation or reactants rela-
tive to each other) by increasing the average kinetic energy of the particles in the reaction
mixture, assuring that a greater number of collisions will occur with an energy that meets
or exceeds the activation energy of the reaction, the energy barrier that must be overcome

in order for the reaction to proceed. (See Answer 277 for a more in-depth explanation of
effective collisions.)

279. (A) This question is very tricky. Choice (A) is afmost correct—each radioactive species
does have a particular half-life, but a particular element can have severad different isotopes,
each with its own half-life. (See Answer 11 for an except question strategy.)

280. (C) In comparing Trials 1 and 2, the two trials in which the O, concentration does
not change, we see that the concentration of NO is increased by 1.6 (not quite 2). The
rate increases by about 2.6-fold. If we were allowed to use a calculator {in some sections of
the free response section), we could easily plug in ([1.6x)F = 2.6 fold rate increase). If we
encounter a problem like this in the multiple choice section, we do an estimare: If the reac-
tant order for NO were 1, doubling the concentration would double the rate, so a 1.6-fold
increase in concentration should increase the rate by 1.6-fold. But the change we see is 2.6-
fold. We can probably see that the reaction order isn’t 3, but maybe we’re unsure of 2. If the
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reactant order of NO is 2, and the concentration of NO was doubled, we'd expect the rate
would increase by fourfold. If the concentration was increased by 1.6, 1.62 = 2,56, or 2.6,

We can apply the same methodology to the reactant order of O,. The two l:r_ials i_n which
only the concentration of O, changes are Trials 1 and 3. The O, concentration increases
from 0.035 to 0,045, an increase of about 1.3 times. The rate increases from 0.143 to 0.184.
If we recognize that 0.143 is about two-thirds of 0.184, we can determine that the re_action
rate increased by one-third. Therefore, with regard to O,, increasing the concentration by
one-third increases the reaction rate by one-third. (Please see the important note from the
author at the beginning of the book.)

281. (D) All we need to do here is substitute the data from one of the trials inu.) the rate
[aw. Use the trial chat has the easiest numbers to crunch. Using the data from Trial 1:

Rate = k[NOJ?[O,]

k = rate/[NOI?[O,]

I = 0.143/[0.024]%[0.035]

le=7,093 or 7.0 x 103
Remember, the numerical value of the rate constant, k, always increases with increasing
temperature. So the value of k calculated for a particular reaction occurring at one rempera-

ture will not be the same in the same reaction performed at a different temperature. (Please
see the important note from the author at the beginning of the book.)

282. (C) We can memorize the units of the rate constant or calculate them. Notice that
the absolute value of the exponent for L and mol are always one less than the reaction order.

Reaction Order Units of k
1 sec!
2 L mol ™! sec!
3 L? mol 2 sec™!
4 L3 mol™3 sec!

To calculace k, just substitute the units into the rate law.
Rate = k[NOJ?[O,]
M s =k (mol L2 (mol L™
**Remember that the units of M are mol L**
mol L7 §71 =k mol? 1.2
k=12 mol? sec™!

{Please see the important note from the author at the beginning of the book.)
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283. (C) 'The reaction order for NO is 2, so increasing its concentration would increase the
reaction rate by 25 X ([5x)? = 25-fold increase in rate). (Please see the important note from
the author at the beginning of the book.)

284. (D) All we need o do is plug the numbers into the rate law, using the value of k
determined in Question 281. -

Rate = k[NOJ?O,]
Rate=7.3 x 10° [2x 10722 [4 x 107%]
Rate=1.1x10"1

(Please see the important note from the author at the beginning of the book.)

285. (E) The effect that the concentration of a particular teactant has on a reaction cannot
be determined until the actual experiment of changing the concentration of that reaction
and measuring the rate change that results is performed. In writing the equilibrium expres-
sion, the exponents that accompany reactions are taken from the balanced equation, bur the
equilibrium concentrations must be measured to actually determine the K, for the reaction.
{Please see the important note from the author at the beginning of the book.)

286. (D) We should certainly remember the statements in choices (A), (B), {C), and (E) as
important facts about catalysts. Choice (D) is the opposite of what is true, and this is also
important to remember: A catalyst does not differentiate between the forward and reverse
reactions. The activated complex is the same whether a reaction oceurs in the forward or
reverse reaction, so decreasing the energy of the activated complex will decreasc the activa-
tion energy in both directions by an equal amount. Because a catalyst increases the rates of
both forward and reverse reactions equally, the presence of a catalyst does not change the K.
for a reaction. It doesn’t change the AH, _, cither (yet another important thing to remember
about catalysts). (See Answer 11 for an except question strategy.)

287. (E) Sratements I and II are standard ways of measuring reaction rates, The rate law
(III) can be used to predict the rate of a chemical reaction. The reaction quotient (Q) can
be used in conjunction with the equilibrium constant (Keg} o calculate how far a reaction
is from equilibrium,

288. (A) Reaction rates are typically measured in one of two ways, the appearance of prod-
uct over time, and/or the disappearance of one or more substrates over time. When using
reaction data, it is vital to consider the stoichiometric coefficients when to compare relative
rates of appearance ot disappearance. For example, for each mole NO consumed by this
reaction, one mole of H, will be consumed as well and one mole of H,0 will form, as well.
However, only half of a mole of N, will form, Related to time, N, will be formed ar half the
rate as H,O formation, and half the rate at which NO and H; are consumed.

289, (B) The slowest (rate determining) step in a multistep reaction poverns the rate law
of the reaction. CO is not invelved in the rare determining step, so it is not included in
the rate law. Because two NO,; molecules are necessary for collision (it is bimolecular), the
reactant order for NQ, is two.
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290. (D) It is more difficult to determine the rate law from a reaction mechanism in which
an intermediate (NOBr, in this case) is involved in the slow (rate determining) step. Notice
that the fitst, fast step is at equilibrium, so that the forward asd reverse reactions are occur-
ring at the same rate. We can write and equate a rate law for these reactions, then solve for
[NOBr], which allows us to use the intermediate that we normally don’t include in the rate
law, but need when it is part of the rate determining step.

kforwa_rd [NO] [Brz] = kn:vcrsu [NOBL’]

[NOBI] = k’farwardlkreverse [NO] [Bri’.]

The rate law for the slow step, if NOBr was not an intermediate, would look like this:

Rate =k [NOB(][NO]

but now we substitute for [NOBr]

Rate = k, (l/l) [NO] [Br;] [NO]

and simplify to get rate =k, [NO]?[Br,).
The value of k, = kok;/ k..

291. (D} 'The numerical value of the rate constant, k, is irrelevant to answering this ques-
tion. It is the wmit of the rate constant that gives us the most information (at first). From the
unit, we can deduce that this is a third-order reaction. Remember, the absolute value of the
exponent for L and mol is 1 less than the reaction order. (For reaction order #, the units of
the rate law will be L&Y mol~1) sec™!) (See Answer 282 far a table of the rate constant
units and how to determine them.)

The rate constant represents an “adaptor” between the concentration of reactants and the
reaction rate {at a particular temperature), it doesn’t tell us anything about the enthalpy
changes that occur in the reaction, nor can it be used for comparing reaction rates with
other reactions for which nothing but the rate constant is known. The units of the rate
constant o provide a quantitative relationship between concentration changes and reac-
tion rates. In this third-order reaction, doubling the concentrations of all the reactions will
result in an eightfold increase in reaction rate ([2x]® = 8 X rate), #ozan 8.1 % 10'%-fold rate
increase.

292. (B) Reactant orders can be positive, negative, or fractional. A negative reactant order
indicates that the reaction rate increases as the reactant with the decreased concentration
of that reactant.

293. (D) The activated complex formed during a chemical reaction without a catalyst mase
be different from the one formed by the same reaction with a catalyst. First, the potential
energies are different. Second, the presence of a catalyst provides an alternative pathway for
reaction, which means a different set of intermediates are formed. {Sec Answer 11 for an
except question strategy.)
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294. (E) The reaction is endothermic because the products have more potential energy
than the reactants. The F, is calculated by subtracting the energy of the reactants from
the energy of the activated complex . 510 — 75 = 435 kJ mol). The potential energy
of the products is approximately 250 k] mol™ and the energy of the reactants is about
75 kJ mol™ . AH = 250 — 75 = 175 kJ mol™".

295. (D) Reaction rate is measured by product formation {or substrate consumption) over
time and s a function of the number of effective collisions that occur in a given period of
time.

296. (B} It takes between 10 and 15 minutes to decrease the amount of reactant by
50 percent. It takes another 10 to 15 minutes to decrease the amount of reactant by another
50 percent, therefore the reaction order is 1, and the halflife is between 10 and 15 minures
< 12 minutes.

297. (E) 'The total reaction order is 3, so doubling both teactants will increase the reaction
rate eightfold ([2x]?) = B-fold increase in rate).

298. (B) In Trial 2, the concentration of X is cut by half, so we expect the rate to decrease
by half since X is a first-order reactant { .. }/,). The concentration of Y is doubled, however,

and Y is a second-order reactant, so the change in reaction rate due to doubling [Y] = 4R.
&/, x (4R) = 2R.

299. (D) In TTrial 2, the concentration of X is cut by half so we expect the rate to decrease
by one-fourth since X is a second-order reactant in this sicuation (.~ R/,). The concentra-
tion of Y is doubled, however, and since Y is a first-order reactant in this case, the change
in reaction rate due to doubling is [Y] =2R. (%/,) x (2R) = &/,.

300. (D) The units of the rate constant for a fourth-order reaction is 12 mol™ sec-!.
Remember that the absolute value of the exponents of L and mol is 1 less than the reaction
order. (See the table under Answer 282 for a summary of the units of k.)

Chapter 8: Equilibrium

301, (D) Le Chatelier’s principle: If a chemical system at equilibrium experiences a change in
concentration, volume, temperature, or partial pressure, the equilibrium shifts to counteract
the change and a new equilibrium will be established. To increase the amount of MgO
produced, a disturbance to the equilibrium must be applied that will be counteracted
by the production of mere MgO. Removing Mg, (or adding i) will not cause any change
in the equilibrium because it is a solid. Solids don’t have a concentration and they are not
represented in the equilibrium expression. Increasing the pressure on 2 gaseous system at
equilibrium will cause the equilibrium to shift to favor the side of the reaction with the
fewest moles of gas. Decreasing the pressure shifts the equilibrium to favor the side of the
reaction with the most moles of gas. Changing the pressure of a gaseous system does not
change the value of K, however. The ratio of partial pressures affer the pressure change will
equal the same value of K. Adding more Oy, will increase MpO formation because the
system will consume the O, in an effort to counteract the increase in O, pressure. (See table
in Answer 307.)
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302. (D) The reaction is endothermic because heat (energy) is on the reactant side of the
equation. To shift the equilibrium to favor the reactants, the pressure could decrease (the
reactants have greater number of moles of gas) or the temperature can be fowered (removing

heat would pull the equilibtium to the left).

303. (F) This réaction is exorhermic, so increasing the temperature favors the reactants
by pushing the equilibrium to the left. The number of moles of gases on each side of the
equation is the same, so pressure changes will not affect the equilibrium partial pressures.

304. (B) Increased pressure due to decreased volume shifts the equilibrium of a gaseous
system to favor the side of the reaction with the fewest moles of gases (without changing
the K). Equation (B) has an equal number of moles of gases in the products and reactants,
so pressure changes will not change equilibrium partial pressures.

305. (D) Decreased water temperature and increased gas pressure above the warter increase
the solubiliry of a gas in water. Shaking the container will not result in a sustained increase
in solubility (since the system is at equilibrium).

306. (B) If N, isinjected into the tank, it will react with H, by consuming it, and therefore
decreasing its partial pressure in the tank.

307. (C) The reaction is endorhermic. The value for Kp only changes with temperature
changes.

Temperature fI Temperature |
Endothermic rxn (+AH) Ke m Keg Y
Exothermic rxn (—AH) K. |} Keq )

308. (C) The ratio is the equilibrium expression for the reverse, exothermic reaction. Only
temperature changes can change the value of K. Pressure changes in a gaseous system will shift
the equilibrium until the new equilibrium is reached. Although the actual partial pressures
of each gas (at equilibrium) may be different, their ratio as calculated by the equilibrium
expression will result in the same value of K.

309. (C) All we need to do is substitute the concentrations into the equilibrium expression,
K, = Prodoesly g = (Y12 [Z]) + (K1) = (125 % 2) + (16) =~16

310. (C) The reactant side of the equation has fewer moles of gas than the products, so
increasing the pressure will shift the equilibrium to favor the reactants, not the praducts.
The value for AH is positive, so the forward reaction is endothermic, which means that
increasing the temperature will shift the equilibrium to favor the forward reaction, and
decreasing the temperature favors the reverse reaction. Adding more X will increase the
formation of Z as the system consumes it in an effort to counteract the increase in X
pressure.
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311. (B) This question is not just asking what will shift the equilibrium, ir’s asking what
will change the equilibrium constant for the reaction. The K, of a reaction doesn’t change if
we add more reactant or product, it only changes with temperature. The ratio in the ques-
tion is written for the forward, endothermic reaction (the reverse reaction would be the
inverse). (See table in Answer 308.)

312. (E) The equation tells us that for every one F, that reacts, zwo F are produced. If we
pur the number of particles in the box into the equilibrium expression we get [F1%/[F,] =
[4%/9] = 1.8. The equilibrium constant will never be a negative number because rthere are
o negative concentrations.

313. (E) The equilibrium expression for the reverse reaction inverts the products and
reactants, so the K g for the reverse reaction is simply the inverse, 1/K,;. The value of
1/2.5 x 10" is easy to calculate because all we need 1o do is divide 1 by 2.5 (= 0.4) and
reverse the sign on the exponent (107'%). However, 0.4 X 107'? is more correctly written
as 4.0 x 10711,

314, (D) If 30 percent of XY, dissociates in 1 kg of a 0.06 m solution, then out of the
0.06 mole of XY, present, 0.018 mole dissociates and 0.042 mole remains in the form
of XY;. Immediately, choice (A) can be eliminated. Each XY} that dissociated produced
4 particles, one X** and three Y-, so when the 0.018 mole of XY; dissociated, it created
0.018 x 4 = 0.072 mole of particles. The total particle count, then, is 0.042 mole undis-
sociated particles plus 0.072 mole ions = 0.114 mole particles.

315. (C) K, is the solubility product constant, the equilibrium constant for a solid in
equilibrivm with its jons. It is measured in a saturated solution at equilibrium. The molar
solubility is the number of moles that can be dissolved to produce t L of a saturated solution
of that substance. What simplifies K, calculations is that there is always a solid reactant in
these problems but solids are not included in equilibrium expressions, so they will never have
a denominator.

BaSO,m) =] B32+(dq) + 8042_(“‘])

K, = [Ba*'] [SO/]
Let x = [Ba?*] = [SO,*7] (They are produced in a 1:1 ratio.)

K,=x*=11x 10710

x=~1x107%

{See Answer 316 for a more complicated variation of this problem.)
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316. (E) Can(_r) o Ca?t + 2 F
Let x = [Ca®']

F~ and Ca®* are produced in a 2:1 ratio, so {F ] is 2x. Because K,p is an equilibrium con-
stant, the [F7] must be raised to the exponent that is its stoichiometric coefficient, 2.

K, =[Ca*] 2 F ]
K, =4
4010 =43 P =1.0x 107" o, x= (1.0 10713 M

Remember that the [Ca?*] = x, but the [F] = 2x.

{See Answer 315 for a simpler variation of this problem.)

317. (C) This is the reverse process of Questions 315 and 316, but we'll use the same
principles. There is also an extra step involved because instead of being given a value for
the molar solubility of one of the dissociation products {(given which we can deduce the
concentrations of the other), we are given the pH. The pH = 10, so we know the solution
is basic.

pH + pOH = 14, if pPOH =4 then [OH 1 is 1 x 10t M
M(OH), < M**+2 OH~

Let x= [M?]
[OH 1=2x=1%x10%: x=05x10% 0r5x 10°M
Ky, = [M?1] [2 OHP2 0 K, =[] [24]2 = 4

Sincex=5X 1077, 4x°=5 x 10713,

318. (A) The solubility of Fe{OH), decreases with increased pH because the higher concen-
trations of OH™ ions pushes the reaction toward the formation of solid Fe(OH),. Decreas-
ing the pll increases its solubility because the extra H* ions in solution will combine with
the hydroxides to produce H;O, pushing the reaction to the left. The value of K, does not
depend on the pH directly, but since one of the aqueous products of the reaction is OH-,
the K, already takes the pH into account.

319. (A) The KSP for BaCrOy is much smaller than that of CaCrQy, so we know that it is
much less soluble. The difference of six orders of magnitude {1071 versus 1079 tells us that
it is possible to precipitate almost 2/ of the Ba®* ions without precipitating any CaCrQy.
The trick to solving this problem is to understand how to produce a saturated CaCrQy solu-
tion. This will leave Ca®* jons in solution, but will overwhelm the Ba®* ions,

K,p = [Ca][CrO 2]

7 x 1074 =[0.2][CrO>] .. [CrO2] =~3.5 x 1073 M.
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320. (E) The only determinant of the vapor ptessure of a particular substance at equi-
librium with its liquid is the temperature. The amount of surface area will affect the rates
of evaporation (and condensation) and the volume of the container will affect how many
moles of vapor are present, but not the vapor pressure at equilibrium.

321. (C) The vapor pressure of a liquid-is determined at equilibrium at a particular tem-
perature, so we can consider this as we would an equilibtium question. Just as the K, of
an endothermic reaction #ncreases with increasing temperature (and the K of exothermic
reactions decreases with increasing temperature), higher temperatures favor vaporization
over condensation until a new equilibrium is reached, and it will include a larger fraction
of vapor than the equilibrium condition at a lower temperature. Choice (A) is not true and
the system in choice (B} is not at equilibrium. For a system at equilibrium (and at constanc
temperature), the rates of forward and reverse processes are the same, so (D) is not true.
Finally, the AH of a forward and reverse process (or reacrion} are equal in magnitude, but
opposite in sign.

322. (C) At atmospheric pressures, N, O,, and Ar condense at —195°C, —183°C, and
—186°C respectively. CO, does not condense into a liquid at atmospheric pressures, but
becomes a solid at about —80°C (see the phase diagrams for H,O and CO, above
Questions 96 and 99, respectively).

323. (A) An adiabatic system is one in which heat does not enter or leave the system.
Entropy is a measure of the degree of disorder or dispersion of energy in a system, and it
typically increases with the addition of heat. The liquid state of a pure substance has greater
entropy than its solid state because the particles in a liquid are more disordered than the
particles in a solid.

During the melting process, the change in entropy is equal to the heat of fusion divided by the
melting point in K, The rerm melting implies a displacement from equilibrium by continued
heat transfer over time to drive the melting process. However, in this question, the system
is adiabatic, that is, no heat is entering or leaving the system, it is at a constant temperature.

The phase equilibrium of a pure substance is independent of the ratio of the solid phase
to the liquid phase. Equilibrium exists even if only the tiniest bit of solid is present in the
solid—liquid mixiure. For that portion of the solid that melted, there is an entropy increase.
The remaining mass of liquid and solid is at equilibrium and has no entropy change.

324. (B) The strength of oxyacids increases with (1) increasing electronegativity of the cen-
tral atom (the atom the O—H autaches to), {2) other atoms of high electronegativity in the
compound, and (3) an increasing number of oxygen atoms. 'The pH of a solution depends
on the concentration on H' in solution and therefore the concentration of the acid in sclu-
tion, but the strength of an acid is intrinsic to the acid and does not depend on the concentration.

325. (C) The K, for hypoiodous acid is 2 % 107!, The stability of the conjugate base also
tells us something about the strength of the acid OI7, which picks up protons in solution
rather easily, meaning that more HOI is present at equilibrium. If less HOI dissociates, the
acid is wealker. (See Answer 324 for a list of description of factors that affect the strength
of oxyacids.)
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326. (C) The names of oxyacids are derived from the polyatomic anions that the protons
are attached to. _

In the case of ClO™ series:

ClO™ = hypochlorite
ClO, = chlorite
ClOy™ = chlorate
ClO4 = perchlorate

The ClO™ ion is named hypochlorite because it has the least number of oxygen atoms in
the series. The compounds are named relative to each other, not by their absolute num-
ber of oxygen atoms. Once we've identified the polyatomic oxyanion, we name the acid
accordingly:

Ontyanions ending in —ste become —eous acid.

Onxyanions ending in —ate become —ic acid,

327. (D) The equation shows the reaction of the conjugate base of HOCIL. The forma-
tion of an OH™ ion means we can use K, the base ionization constang, to figure curt the
unknowns in the reaction.

(KJ(K) =K, =1.00 X 1074 K, = 1.00 x 10714 + K,

328. (D) The AP Chemistry exam is unlikely to give us a question like this in the multiple
choice section, however there is a mandatory equilibrium problem in the free response
section, so we need to know how to set up an ICE-box. See choice (D). (1) ‘The initial con-
centration of reactants is taken from the question. Water is a pure liquid and is therefore
not considered in the equilibrium expression. (2) The initial concentration of both products
is zero. (3) The change in concentrations will always be {-) for the reactants and (+) for the
products, but their stoichiometric coefficients from the balanced equation MUST be accounted  for.

For example, if 2 A — 3 B, then the change in [A} = —2x and the change in [B] = +3x,

329. (C) The rate of the forward reaction continues to decrease until abourt 1 second. The
instantancous reaction rate is determined by calculating the slope of the tangent to the point
of interest on the concentration versus time curve, At point X, the rate of the forward reac-
tion is still decreasing and the rate of the reverse reaction is still increasing. At point X on
this graph, the slope of curve A is the inverse of the slope of curve B.

330. (D) Le Chatlier’s principle says that when a chemical system at equilibrium experi-
ences a change in concentration, the equilibrium shifts to counteract the change imposed
on it. Once the system regains its equilibrium state, the ratio of products to reactants stays
the same (only temperarure changes affect the K. of the reaction).
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Chapter 9: Acid-Base Chemistry
331. (B) Definition of a Bronsted-Lowry acid.
332. (D) Definition of a Lewis base. .

333. (E) Definition of an Arrhenius base.

334, (D) Coordinate covalent bonds are covalent bonds in which one atom donates both
electrons to the bond, instead of each atom donating one electron. There is no difference in
the character of the bond, only how it forms. Lewis bases always form coordinate covalent
bonds with acids since Lewis bases are electron pair donors.

335. (B) Choice (B} is a mixture of a strong base and a weak base.

336. (C) Choice (C) is a mixture of a strong acid and a neutral salt. The Cl-ion isa very
poor conjugate base and will not pick up any protons from the solution, so the pH is 0.
{A good fact to memorize: The pH of a 1 M concentration of a strong acid = 0.)

337. (A) A weak base and a weal acid will neutralize each other,

338. (E) An alkaline buffer consists of a weak base and the salt of its conjugate acid. A
buffer resists changes in pH by acting like a “proton sponge,” giving them to the solution
when the [H*] decreases, and absorbing them from the solurion when the [H*] increases.

339. (D) An acidic buffer consists of a weak acid and the salt of its conjugate base. A buffer
resists changes in pH by acting like a “proton sponge,” giving them to the solution when the
[H*] decreases, and absorbing them from the solution when the [H*] increases.

340. (B) We can use the expression for K.
K, =4.5% 10 = [NO,|[H*] + [HNO,]
Let [HY] =x=[NO,]

Let [HNO,] = (L.02 — x but because the value of K, is so low and we will not be calculating
the value of the [H*] to more than two or three significant figures, the value of (0.02 — x) is
indistinguishable from 0.02, so we can drop the x in the denominator and greatly simplify
our math. '

s A5 % 1075 = £2/0.02 = 0.003 or 3x 1072

341. (E) In the reaction, F~ is the proton acceptor, the base, and H,O is the proton donor,
or acid. When dealing with Bronsted—Lowry acids and bases, the acid and base are always
the reactants, and their conjugates are always the products. The base, once it accepts an HY,
becomes the conjugate acid and the acid, once it donates an H, becomes the conjugate
base,
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342. (A) When dealing with Bronsted—Lowry acids and bases, the acid and base are always
the reactants and theit conjugates are always the products. Since Hy() is a reactant, it can
only be an acid or base, not a conjugate. Be careful with questions that ask about zhe reverse
reaction. For example, water is the conjugate acid of the OH™ ion in the reverse of this reac-
tion. But in the forward reaction, H,O is giving the F to NIy, so it is an acid,

343. (E) An increased number of hydrogens does not make an oxyacid a stronger acid. If
an acid has more than one dissociable proton, it is a pofyprotic acid. The K, of the first H*
is the highest, and the K, decreases for each successive H*. (Sec Answer 324 for a list of
factors that affect the strength of oxyacids.) (See Answer 11 for an except question strategy.)

344. (E) When mixing two solutions, only concentrations intermediate to the solutions
being mixed can be achieved. In this case, we can’t make a solution that is less concentrated
than 0.25 M and we can’t ger more concentrated than 0.35 M, so all concentrations achiev-
able by mixing these two solutions, no matrer what the ratios, will be between these two

values.

345, (C) The K, for the acid HA is 5.0 x 107, A K, of such small magnitude means the
acid is very weak. Compared to 0.5 M concentration, the amount that dissociates is almost
negligible in calculations in which the answer will contain wwo to three significant Agures.
This makes these calculations much easier because you can ignore the value of x in the
denominator, as follows. Start by setting up the chemical equation and the equilibrium
expression for the value of K;;:

HA < H + A
Let x= [H] .. x=[A"]

5.0 x 107 = [H'] [AT]/[HA]

5.0 % 1072 = x%/{0.5 — x] but the value for x is so low we
can ignore it, so essentially,

5.0 x 107 = £%/2
s %= [H" =12 10"% M. The negative log of 1 X 104is 4 .. the pH is 4.

346. (B) An equilibrium constant of 2.5 x 10% is large, and so the products are greatly
favored in this reaction. Y~ is the proton acceptor in the forward reaction and X~ plays that
role in the reverse reaction. But since the forward reaction is favored so much more than
the reverse, we can infer that Y is a stronger base than X™. We can also infer that HX is a
stronger acid than HY, but that is not an answer choice. As for conjugate acids and bases,
X~ is the conjugate base of HX, and HY is the conjugate acid of Y. A conjugate acid will
differ from its base by one more H*. A conjugate base will differ from its acid by one less H*.

347. (D) 'The equivalence point where the number of moles of base (or acid) added equals
the number of moles of acid initially present (or base). It is midway along the steep part of
the curve, the inflection point. The pH at the equivalence point will be 7 for a strong acid/
strong base titration, but will be greater than 7 when titrating a weak acid with a strong

Answers { 189

base. It will be below 7 when titrating a weak base with a strong acid. This is because the
equivalence point 75 noz when the actual number of OH™ ions is equal to the actual number
of H* ions; it is, in this case, when the number of OH™ ions added equals the number of
H* ions initially present, chat is, neutralization.

348, (B) The region of the curve berween 0 and about 25 mI. NaOH added is the buffer
region. At the lower end of the buffer region, the amount of weak acid exceeds that of the
conjugate base and toward the end, the conjugate base is present in much greater concentra-
tions. Midway, the weal acid/conjugate base concentrations are about equal.

349. (A} A buffer resists changes in pH by acting like a “proton sponge,” giving them to
the solution when the [H*] decreases, and absorbing them from the solution when the [H*]
increases. A buffer consists of an acid or base and the salt of its conjugate base or acid. The
region of the curve between 0 and about 25 mL NaOH added is the buffer region. 'The
weak acid and its conjugate base are both present and very little neutralization has ocourred.

350.. (D) The question is asking us to identify the compound that would produce a basic
solution. LiF is a soluble salt (any jonic with an alkali metal is soluble) that produces F~

upon dissociation. F~ is a good conjugate base and readily picks up protons in solution,
increasing the pH.

351. (B) Conj:{lgatc acid/base pairs always differ by one proton (H"). If we are looking for
a conjugate acid, it means thar NH, is acting as a base, accepting a . Th j
acid would be NH,', one more H*, prin @ proton, The comuesie

352. (B) T'wo handy rules regarding pH and pOH are:
pH+pOH =14
[HY[OH ] =1x 1074

This pr(;blem can be solved in two ways. (1) If the pH = 6, the pOH = § ... the [OH] =
1 x 1078, (2) If che pH =6, the [H] =1 % 107°.-, the {OH] = 1 x 107%, This makes sense
because we expect the [OH™] <1 X 1077 in an acidic solution (pH 6).

353. (B) To answer this question correctly we must remember that the pH scale is a log;q
scale, so a pH of 6 is 10 times more acidic than a pH of 7 and 100 times more acidic than a
pH of 8. If we want to acidify the pH by 1 point on the pH scale, we must either reduce the
[OH] by 10 and increase the [H'] by 10 (an increase in ohe will always result in a decrease
of the other, see the two rules in Answer 352). So we must dilute the basic solution tenfold
to decrease the pH from 13 to 12.

354. (E) The values for K, K;, and K; decrease successively, so we expect the anion of
the third deprotonation to be present in the lowest concentration. We can also consider
[ha} only a small fraction of H3CgHsO; will lose a proton, leaving HyCgH;O, behind.
Let’s say 1 percent to make it simple, although it's actually much lower than that. Our of
the small number of HyC{HsQO; ™ ions, only a small fraction of those will lase the second
proton, leaving HC;H;O;% behind. Again, let’s say 1 percent for simplicity. That means
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that 1 percent of 1 percent (0.01 percent) of the original HaCgH;O; loses two protons.
Finally, if 1 percent of HCgH;O7* loses the third proton, only 1 percent of 0.01 percent
of the original HyCgH,O; would have lost all three protons (0.0001 percent).

355. (C) A buffer resists changes in pH by acting like a “proton sponge,” giving them to
the solution when the [H*] decreases and absorbing them from the solution when the [H]
increases. A buffer consists of an acid or base, and the salt of its conjugate base or acid.
Choice I represents a weak base and its conjugate acid, and choice I1I represents a we-ak
acid and its conjugate base. Choice 11, however, represents a strong acid and the salt Of.lts
conjugate base. The conjugate bases of strong acids are very weak and are not able to pick
up protons in solution, so they are not good buffers.

356. (E) 0.2L % 0.2 mol/L = 0.04 mole Sr(OH), but X swe OH™ per Sr(OH),, so
.08 mole OH~

0.8 x.8x2=1.28

1.36 M OH = pH of 14.

357. (D) The final volume is 200 mL. We can use M, V| = M,V; o solve this problem:
{100){0.002) = (M,){200) = 0.001 M, or just realize that the concentration has been halved
by adding an equal volume of water ro the solution. HCl is a strong acid and so the concen-
tration of HCl is equal to the [H*]. pH = —log [H'] . —log [1 X 1073} = 3.

358. (D) The final volume will be 20 mL. We can use M,V; = M;V,. (540.02) = (M;)
(20) = 0.005 M bur that is the molarity of the BaOH, solution, #or the [OH] concentra-
tion. There are zwe QOH™ per BaOH; so the concentration of OH™ is two times that of the
[BaOH,) . 0.01 M. The pOH =—log [OH™] =—log [1 x 1074 =2 . pH=12

359. (C) Phenolphthalein changes from clear in acid to pink in base. We add the phenol-
phthalein to the acid and titrate with the base. When the acid we are titrating turns pink,
we know the endpoint has been reached.

360. (C) The numbers on the graduations differ on the two burettes, so we need to be
careful to read both burettes and not just take the difference between the heights of them.
Since it’s the same solution, we can read from the meniscus o7 we can read from the edge.
It doesn’t matter in a question like this because we'll get the same answer either way. We
will read from the edge because it’s closest to a whole number, 10, on the first burette, and
41.5 on the second burette.

The change in volume = Vi, — Via = 41.5 — 10 =31.5 mL.

361. (C) We use MV, = MV, but we need to remember that Sr{OH), has #wwe moles of
OH- ions per mole St{OH),. [(M,)(35) = (0.5 % 2)(25)] .. M,=~0.7 M.
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Chapter 10: Electrochemistry

362. (B) The answer to this question is very clear if we know a simple fact: Zn takes on
only one oxidation state, +2. (A trick for remembering the oxidation states of Ag, 7n, and
Al: they are connected diagonally on the periodic table, and as we progress from Ag to Zn
to Al, the oxidation states are +1, +2, and +3.)

363. (E) The sum of all the oxidation states of all the atoms must sum to the overall charge
of the compound. In this case, the oxidation state of perchloric acid is zero:

H=+land O=-2{x4)=-8 . Cl=+47

364. (E) The sum of the oxidation numbers on the atoms in the chromite ion, Cr, 0,2,
must equal the charge on the compound, —2. O=-2(x4)=-8 .. 2Cr=46 ... 1 Cr=+3.
"The answer choices provide some complicated compounds for assigning oxidation numbers,
Try the easiest ones first. Cr;Oy looks promising because it only has three oxygen atoms
and no charge. The -2 charge on CryO4* negated the effect of the extra oxygen, so the Cr
atom in Cr;O; should be the same (and it is). Chromium takes on oxidation states rang-
ing from —2 to +6. Negative oxidation states are not common for metals. Cr,(0,CCH,),
is chromium (II) acetate, and features a guadruple bond (which occurs extremely rarely).
Cr(CO); is chromium hexacarbonyl, 2 compound in which Cr takes on a zero oxidation
state in this compound. The Cr in dichromate, Cr;Q,%, has an oxidation state of +6, and
potassium peroxochromate, K;[Cr(0,),], features a +5 oxidarion state for Cr.

365. (E} The elecrrical conductivity of a solution is determined mainly by the concentra-
tion of its ions and its temperature. The concentration of ions in solutions equimolar with
respect to compounds varies according to solubility and the van’t Hoff factor (7 ). Strong
acids and bases, and soluble salts are good electrolytes because they dissociate completely. H;POy
is a weak acid and therefore does nor dissociate into 3 H* and a PO*~ as we mighr expect;
however, if dissolved in a basic solution, it can. The K, values for the protons are 7.5 % 1073,
6.2x 1078, and 4.8 < 10712, For a given acid in solution, if the pH < pKa “the proton is on”
and if the pH > pKa, “the proton is off.”

366. (A} Some oxidation and reduction reactions are spontaneous (exetgonic). Our table
of Standard Reduction Potentials is an incomplete list of them. Reductions that have a
positive E° value are exergonic, which means the reverse reaction, or oxidation, is endet-
gonic. 'The bottom of the table would have endergonic reductions and exergonic oxidations.
Notice reducing F, is very exergonic and reducing Li* is very endergonic. The reduction of
(1 M) Cl, produces 1.36 V, while the oxidation of (1 M) Br~ requires 1.07 V. The differ-
ence between them, 0.29 V, is still favorable (+AE = spontaneous) so this redox reaction is
spontaneous and can generate electricity. We can think of chis in terms of how much Cl,
“wants” to be reduced versus how much Br~ “doesn’t want” to be oxidized. The difference
in the AE® values quantifies how greatly their “desires” differ and which species will ger what
it wants. Comparing the E® values for the two elements tells us that the ability of Cl, to
take electrons from Br is greaver than the ability of Br~ to prevent C, from raking chem.
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367, (C) Statement [ is not erue because Cu starts out in the solid, reduced form and ends
up as a 2+ ion, so it is certainly nos the oxidizing agent. (Agenis get the opposite of whar they
do. If the agent oxidizes, it gets reduced.) Statement IT is also not true. The oxidation state of
hydrogen does not change in the reaction. It is +1 as an ion and -+1 in water.

368. (C) We almost certainly have heard the mnemonic device that applies to all electro-
chemical cells (galvanic and electralytic), An Ox, Red Cat, which translates to Anode =
Owidation, Reduction at the Cathode. 'The two reactions are written as reductions, and so
one of them will need to be written in reverse. Since they are opposite signs, we should
flip the nonspontaneous reaction, the one with the —AE®. Sitver is reduced at the cathode
producing 0.80 V, and Zn is oxidized at the anode, producing 0.76 V. Total cell potential =
1.56 V. The Zn* ion does not participate in this reaction.

369. (D) See explanation for Answer 368.
370. (D) Scc Answers 363 and 364 for examples of how to assign oxidation numbers.

371. (C) Aluminum gets reduced (its oxidation state changes from +3 to 0) and oxygen
gets oxidized (its oxidation state changes from —2 to 0). An Ox, Red Cat, which is Anode=
Oxidation, Reduction at the Cathode.

372. (D) An ampere quantifies the rate at which charge {measured in Coulombs, C) flows
in C/sec. The charge on one proton or electron is +/— 1.6 x 107 C (the +1 and —1 we use
in other chemistry chapters refer to an elementary charge, the numerical value of which is
+—1.6 % 1071% C), A faraday is the magnitude of the electrical charge on one mole of clec-
trons {or protons). A current of 15 amperes means 15 C, or L5 mole electrons, are available
per second (pass into the cell}, for 20 minutes (1,200 seconds). The numbers 20 and 60 in
the numerator convert minutes to seconds. The number 27 converts grams of Al into moles.

The number 15 in the numerator converts the amperage and time into Coulombs: amps
(€1.) % time (sec, from the product of 20 x 60) = Coulombs. 1 mole e = 96,500 C, so if
18,000 C are 0.187 mole ¢ enter the cell. Each mole of Al requires 3 moles of ¢ to get
reduced, so 0,187 + 3 = 0.062 mole of Al will get reduced. At 27 g mol™, that’s 1.7 g AL. An
interesting fact about aluminum is that it’s the third most abundant element on earth, but
its electrolytic production is very energy intensive. Approximately 4 percent of the eleceric-
ity consumption in the United States is used for the production of aluminum.

373. (D) The reduction of X2* to X is the reverse of Reaction 1, so the DE® of the reac-
tion is —2.27 V, but the oxidation of Ag also occurs. Reaction 2 gives us the reduction
of Ag*, which produces 0.80 V, so its oxidation is —0.8 V. Subtracting the oxidation of
Ag (-0.80 V) from Reaction 1 (=2.27 V) leaves us with the halfreaction for the reduction
of X and a standard reduction potential of —1.47 V.

374. (D) An ampere quantifies the rate at which charge {measured in Coulombs, C)
flows in one second, so the unit of current is &/, . The charge on one proton or electron is
+/— 1.6 X 10719 C (the +1 and —1 we use in other chemistry chapters refers to an elementary
charge, the numerical value of which is +/— 1.6 X 107 C). A faraday is the magnitude of
the electrical charge on one mole of electrons {or protons).
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100 amPC[C - 1 C/SEC. IIIC Oxldatloﬂ state on FC n FEC] 1 +5 W € (54 ITlOlCS
35 , S0 It 1rqulf3

3 moles ofc._ = 96,500 C x 3 =289,500 C required. Delivered at a rate of 1.00 C/sec, that
would require 289,500 seconds (more than 80 hours).

375. (B) A simple way to eliminate some answer choices is to count electrons, We need to
remember we are dealing with the Zn?* ion, which has fwe fewer electrons than Zn ~.30 —2 =
28 electrons. Choices (B), (D), and (E) have 28 electrons so we've already eliminared two

choi.ces. The electrons of highest energy (n) are lost first, so the Zn atom loses its 4s electrons
leaving a full d subshell. ‘That leaves only choice (B).

376. (D) The number of positive charges in the nucleus of Zn?* is still 30, but now those
30 protons are only pulling on 28 electrons.

377. (A) Use the mnemonic An Ox, Red Cat, which comes to Anode = Oxidation, Reduc-
tion at the Cathode. 'The question is, which species—Zn or H,—gets oxidized. \JWe ma

remember that in the hydrogen electrode, 2 H* are reduced to Hy, but if we don’t thac’);
fine. We know the cell is spontaneous because it is a galvanic cell and therefore th;: E® of
the cell must have a positive number, Since the reduction of Zn?* is negative, the oxidation

is positive, and our cell will work spontaneously. ‘The hydrogen electrode is the cathode, so
choices I1l and IV do not apply. J

378. (I-)).'lhc salF bridge has two functions in the galvanic cell. (1) I¢ completes the circuit
by providing a bridge of mobile ions between the two half cells and (2) it provides ions to
the half cells extending the life of the bactery.

At th:l anode, the oxidation of solid Zn produces Zn2* jons in solution. The salt bridge
neutraliz iti idi i i
es the excess positive charges by providing NO,~ fons. At the cathode, H* ions

are being reduced to H, gas, so the salt bridge provides K* ions to replace the lost cations
neutralizing the CI™ ions. ,

379. (E) It’s not possible to measure the E® of a half reaction (or half cell) so the reduction

" . :
of 2 H to Hy was given the arbitrary value of zero and all the other standard reduction
potentials were measured relative to it,

380. (C) We know the cell is spontaneons because it is a galvanic cell, not an electrolytic cell.

Spontancous cells have a negarive AG and the sum of the oxidation and reduction potentials
must be positive.

38_1. c’(E) '(E]lzes FI;I'ernst equation relalltcs half-cell concentrations to the E of the cell by
E=E"—{ /o) In Q, where Q is the reaction quotient. As the cell operates, the flow
of electrons from the anode to the cathode results in the formation of product and the
consumption of reactant. This increases product concentration and decreases reactant con-
centration. As the cell approaches equilibrium, E=0 (and Q =K_ ). Zn?" is the product of
the oxidation that occurs at the anode, B d
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382. (A) A sacrificial anode is also called a gafvanic anode, and is a metal with 2 more
negative electrochemical porential. This allows the sacrificial anode, the Zn, to be oxidized
preferentially to the “cathode,” in this case, the iron.

383. (B) Electrical energy = electrical potential X the base unit of charge = Voltage X
Coulombs. A volt = 1 ] C ... electrical energy can be expressed in joules. The sum of the
two halfcells only determines the maximum voltage of the cell, not how much energy the
cell can generarte.

384. (C) In an electrochemical wet cell, concentration does matter. The E° values on the
table of Standard Reduction Potentials are for standard conditions that include 1.0 M con-
centrations. The Nernst equation is used to calculate the electromotive force (voltage) of a
cell under nonstandard conditions. (See Answer 11 for an except question strategy.)

385. (B) From the balanced redox equation we can see that Liy, is oxidized, and then we
remember: An Ox, Red Cat: Anode = Oxidation, Reduction at the Cathode.

386. (E) Choices (A) through (D) make lithium-ion batteries superior to many other types
of dry cells, but they are very reactive. They can explode if not handled with care. (See
Answer 11 for an excepr question strategy.)

387. (A) Al elecrrochemical cells abide by An Ox, Red Cat:

Anode= Oxidation, Reduction at the Cathode. However, galvanic (voltaic) cells are sponta-
neous and convert chemical energy into electrical energy whereas electrolytic cells require
energy to cause nonspontancous redox reactions (electrolysis).

Chapter 11: Nuclear Chemistry

388, (E) When balancing nuclear reactions, remember: (1) Conservation of mass number
(the number of protons and neutrons are equal in the products and reactants) and
(2) Conservation of atomic number (the number of nuclear charges in the products and
reactants are the same).

Total mass number in reactants = 236
Total atemic number in reactants = 92
Mass number in products must = 236 .. 236 — 141 (3 x 1) =92

Atomic number in products must =92 .. 92 — 55 = 37, rubidium

389. (B) Sce Answer 388.

Total mass number in reactants = 31
Total atomic humber in reactants = 15
Mass number in products must=31 .. 31 -1=30

Atomic number in products must = 15 .. 15 — 0 = 15, phoesphorus
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390. (B) Sec Answer 388.

Total mass number in products = 18
Total atomic number in products =9
Mass number in reactants must= 18 = 18 — 4 = 14

Atomic number in reactants musc=9 ... 9-2=7, nitrogen

391. (D) Choice (D) = gamma radiation (y), a high-frequency form of electromagnetic
radiation (EMR), Visible light is a vety low frequency of EMR relarive to gamma, but the
basic properties of EMR are its wave- and particle-like properties, and its lack of mass.

392. (A) Choice (A) is alpha decay. An alpha particle is a helium nucleus, with a mass num-
ber of 4. It makes ir the most massive particle and therefore least penetrative form of radio-
active decay. (For a given value of kineric energy, more massive particles have lower speed.)

393. (D) Choice (D) = gamma radiation (y), the highest frequency of electromagneric
radiation (EMR) known. The frequency of EMR is proportional to its energy, so gamma
radiation is the highest energy EMR known. The frequency of gamma radiation is on the
order of magnitude of 10! Hz, and the wavelengths are less than the diameter of an atom.
Gamma radiation is ionizing because it has enough energy to dislodge electrons from atoms
and molecules and produce free radicals in the body.

394. (A) Choice (A) is an alpha particle, a helium nucleus with a 2+ charge. Other charged
decay particles have a +1 or —1 charge,

395. (B) Choice (B) is bera decay, a form of decay in which a neutron turns into a pro-
ton and electron. The electron is ejected from the nucleus as a beta-particle ("_je or 1_;B),
and the atomic number increases by 1, leaving the mass number intact {so the number of
neutrons decreases by 1). Beta-decay decreases the neutron to proton ratio of an unstable
nucleus.

396. (C) Nuclear binding energy is an indication of the stability of 2 nucleus. The binding
energy is the energy required to break up a nucleus into protons and neutrons. The nucleus
with the highest binding energy per nucleon is the most stable.

397. (A) Choice (A) is false because the cutve represents binding energy per nucleon, not per
nuclide, More importantly, the stability of a nucleus is the sum of #uo forces, attractive and
repulsive. The net astractive force is what ultimately determines the stability of the nucleus,
not the total ateractive force (without considering the repulsive forces). (See Answer 11 for
an exeept question strategy.)

398. (C) The definition of mass defect. The binding energy is the energy required to break
up a nucleus into protons and neutrons.

R




196 » Answers

399, (D) The lost mass is accounred for by Einstein’s famous mass—energy equivalence
equation, E = me?. Since the value of ¢ = 9 x 10', a tiny piece of mass lost from the
nucleus is transformed into a lot of energy.

400, (E} Statement I correctly accounts for the chemical reacti\lrity of the all;ail meFal_s.
Chemical reactivity (or stability) is a function of electron configuration, Wthl'l?HS 7 mactj)izty
is a function of auclear stability (neutron-to-proton ratio). State'mex?t 11 is incorrect; ra OI:
active nuclei increase their stability by decaying, often transmuting into another specu:slo
atom. Statement IT1 is correct about @/ the non-noble gas elel}‘lentf; th.ey ill form [Il(_)lECLlﬁClsl
that are more stable than the lone atoms of the element. 'The “motivation” of atoms is to
their valence shell by giving, raking, or sharing electrons with other atoms.

401. (A) This is the strong nuclear force, and it only works when the_ protot‘ls. veiyh close
to cach other are on the order of about 10713 m, The nucl_eus Otl)'l].y carries posm(\irc a%es
(protons) although it can create and emit clectrons (B-particles, %e”) thl'Ol.llgh B}; ecay. E
nucleus is dense, so the protons can’t be spread out enough 1o escape the like-charge rc;pu
sion. The neutrons don’t form a cage around the protons, There would need to be a orccel
that holds the neurrons together in cage formation, and thal*: force woulc_l nee(lil tcl):El excti_le
the repulsive force of the like-charge repulsion to be an éffectlvel cage. Besides ft e fact ac;
it isn’t true, it doesn’t explain anything about the forces; it only implies 2 new force exerte
by a different particle.

402. (C) The average mass (1 X 1072 g} + the volume _of the nuFleus (s n (5C>l< 10 "3
cm)?) =2 % 10 g cm™ (7 in this equation = 3.14, the ratio of the diameter of a circle to its
circumference. It does not refer to the bond). We didn’t have to do;):ll that_r;;ath, h;w%er.
To estimare an order of magnitude we use 10722 + (107193 = 10~ .+ 10 ' = 10Y. £
is three orders of magnitude off, which is 1,000 times too blgl (a blg_ error!), but the A
Chemistry exam won't give us a calculation on the muldple c.hmce section of [h-ﬁ cxam that
requires a calculator to compute in a reasonable amount of time. A question w1rh gigantc
ot infinitesimal numbers will offer significantly different quantities as answer choices so you
can round generously.

ife = . 1.875 g — 0.94 g. The
403%. (C) Onehalflife=—,5030g—> 155275 —3.75g—> > 09
decay to less than 1 gram rook five half-lives (five arrows). 325 days + 5 half-lives = 65 days
per half-ife.

404. (B) In four halflives, 93.75 percent of a sample decays (sce table below). 24 days +
4 half-lives = 6 days per half-life.

Number of half-lives 1 2 3 4 5
Percent remaining 100 — 50 — 25 — 125 — 625 — 3125
Percent decayed 0 - 50 — 75 — 875 — 9375 — 96875

405. (C) After three half-lives, 12.5 percent of a sample remains undecayed (see table in Answer
404). If three half-lives take 30 days, each half-life = 10 days.

- Y
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406. (E) There are six, two-year half-lives in 12 years, The table in Answer 404 shows
that after five half-lives, about 3 percent of the radioisotope remains undecayed (about 1.9

g out of the original 60). One more halflife would reduce that by half, leaving less than,
but close to, 1 gram.

407. (B) When an atom’s mass number stays the same but the atomic number increases, the
atom has undergonea i~ (beta) decay. When the mass number ofan atom stays the same but the
atomic number decreases, the atom has undergone a B* (positron) decay. About 0.01 percent
of K atoms are “°K. B—decay decreases the proton-to-neutron ratio by converting a neutron
into a proton and an electron (B-particle, %¢ ), the proton stays in the nucleus (so the
atomic number increases by one) and the P-particle, the electron, is ejected. Because the
tosal number of protons and neutrons stayed the same, the mass number doesn’t change.

408. (E} Radioactive decay displays first-order kinetics. Choice (E) is a plot of a first-order
reaction (with respect to substrate disappearance). Choice (B) is a plot of a second-order
reaction (with respect to substrate disappearance).

Chapter 12: Descriptive

409, (D) Silicon combines with oxygen to form a variety of sificates. The most common
silicate is silicon dioxide, which has a number of different crystalline and amorphous forms.

Silicon dioxide is a covalent nevwork solid, and the formula 8i0, is the empirical formula of
the solid.

410, (C) NaCl is the salt most responsible for the salinity of sea water and the main ingre-
dient in table salt (which may also contain minute amounts of iodine sales, added to pre-
vent iodine deficiency). Any ionic compound with alkali metal is soluble, and compounds

formed with alkali and alkali earth metals (groups 1 and 2) as the only metals are generally
not colored.

411. (B) CuSOy is a deliquescent compound. It is white when anhydrous (without water)

and turns blue upon hydration. (See Answer 454 for a summary of properties related to
deliquescence.)

412, (D) Most chlorides salts are soluble, with the norable exception of AgCl, HeCl,,
and PbCl,. The process of elimination may have allowed us to idenrify this compound
since NH;NQ; and NaCl are both white, KMNO; is puzple, and CuSOy is white or blue
depending on its state of hydration.

413. (A) Potassium permanganate, KMnQO, contains manganese. The presence of transition
metals in compounds often results in bright colors, even though the pure metals are mostly
silver (with the notable exceptions of copper and gold). KMnQy is a strong oxidizing agent.

414. (B) CuSOy is a deliguescent compound, which means it has a high affinity for water
molecules and can absorb them from the air. CuSOy changes color when it hydrates
(it turns blue), making CuSQy an excellenz desiccant (because we know when it’s full of water

and needs to be dried). A desiccant is 2 substance used to create or sustain 2 dry environ-
ment by absorbing warer from it.
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415, (E) Ammonium nitrate, NHNQ;, is very soluble. (All ionic corTlpoulzld; r.(}n [:Jlilzl‘:.i
the NH,* ion or the NQjy~ ion are soluble, and this one has both.) It ‘1s use (or er01n s
not only because it is high in nitrogen, but because the two forms of mtrogebn a.(;nrri tum
and nitrate) are the most readily absorbed and used by -plants. The most abundan i s in
the atmosphere is N, (78 percent). The least abundant is CQz.(lcs§ than 1 percer;lt, ‘
has considerable effects). Plants can only use the carbon leX.ldf? in the gtnllospf ercl:(:l alL-lsds
substrate in organic syntheses, they cannot use N as a source of nitrogen. Only a few

of bacteria can metabolize N, into a form that is usable by plants.

is a gaseous alkane that is often compressed into a liquid for transport.
?tlga(ﬁ;-l[jiggizi osf n%ttura[ gas processing and the fractional dist.illatfion of petro;lel;mé
Hydrocarbons are useful fuels because their combustion has a ncgatlved ree.zrller!iyt lclz ;}11 \ gh
of great magnitude and yields a great number of mo'les of gas that expal-.ln Eap11 { ta Oxtisdizg )
temperatures produced by the reaction. (They are highly reduced, so there’sa lot to :

417. (E) Trichlorofluoromethane is a chlorofluorocarbon. It is colotless, péactlc:}lliy :r;lz;
less, and boils at room temperature. Clorofluorocarbons, ot CF‘CS, were used as fr_e 1r g ants
until it became clear that CFCs cause the breakdown of5 ozone l1é1 the prcEfn;e ofu E:f\L (lhe
light, the frequencies of electromagnetic radiation (10'* to 10'® Hz, sec™") from whic
ozone layer protects Earth’s surface.

418. (C) Hydrogen peroxide is a strong oxidizing agent, which makels) 1& us((lzful ﬁ?é :EE(;
ing bacteria (by oxidative stress). But it also may hf;.rm. the cells of the ((1) y fy aﬁx:embic
stress), which may prevent healing, Hydrogen peroxide is a natural by—pl('io I_;lc(t) o e
organisms, but cells contain enzymes that decompose H,O; to O, and | 2h at ht in o
concentrations produced in cells (as compared to the 3-percent solution in the pharmacy).

419. (D) Hydrogen sulfide has the odor of rotten eggs. It is produced by the decomposi-

tion of organic matter under anacrobic conditions and is also found in volcanic gases.

420. (B} Remember that the hydrogen halides other than H{? (HCl, HBI, an_d HI)[.;IC
strong acids. HF is considered wezk, but it is still highly corrosive, her}ce its use in et.c ng
glass. Because of its reaction with glass (and metal), HF must be stored in plastic containess.

421. (C) (See Answer 94 for an explanation of how graphite conducts electricity.)

422. (E) All amino acids contain the carboxyl and amino functional groupI:. 'Il'ie carboxyl
group = COOH (physiological pH, 7.2 — 7.4, is above the pi _of the carl i)xl\yI I_Igrczu]lgl, s.[cz
it is in irs deprotonated form, COO, in body ﬂuids).:u?dlthfa amino grotépf— 1\21 }? +ysin
ological pH is below the pK, of the amino group so it is in its protonated form, (3 ) h
body fluids). The four elements C, H, O, and N make up 96 percent of living mater (easily
remembered as CHON).

423, (D) This question is really asking us to recognize SiQ; as @ covalent netwar.fz solid (or at
least zor as a gas) as opposed to asking us to recognize the rest of the answer (_:honces as gascs
(although ir’s a good idea to be able t0). (Sec Answer 11 for an except question strategy.)
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For Questions 424 428;

(A) Isoamyl acetate (banana oil)
(B} Ethyl methyl ether

(C} Benzoic acid ]

{D) Benzone -
(B} Glucose

424. (D) The C=O and the ending “one” make this the ketone.

425. (E} Glucose has five hydroxyl groups per molecule making it very much water soluble.

426. (A) Isoamyl acetate is an ester and is responsible for the fruity odor found in bananas
and many other sweet-smelling items.

427. (C) The carboxylic acid group is represented by ~COOH,

428. (B) An cther has two alkyl chains attached to a singly bonded oxygen.

Chapter 13: Laboratory Procedure

429. (E) It is not only acceprable but it is standard practice to rinse a burette with the solu-
tion that will be added to it before it is filled with the solution. This ensures that any water
or impurities introduced into the burette during cleaning will be removed. Any water or
impurities left in the buretre will dilute or contaminate the solution, decreasing precision
and accuracy. For our safety and the well-being of the balance, never place hot objects on 2
balance. For some substances, this will introduce error into the weighing, as well (air cur-
rents are produced around hot objects, and some substances will pick up mass from or lose
mass to the environment depending on its temperature).

Adding hot water to 2 volumetric flask is also considered unsafe, mainly because the mouth
of the flask has a small diamerer. Using 5 mL of phenolphthalein to titrate 20 mL of acid
means that 5 out of 25 mL total volume of our solution is the phenolphthalein indicator.
That’s 20 percent! Finally, remember the strained but useful thyme “Slowly you ought—ta add
acids to wat-teh,” The dissociation of an acid (or base) in water is typically exothermic, but
for the strong acid and bases, it's strongly exothermic. The heat produced by the dissociation
can rapidly increase the temperature of the water. Slowly adding acid to water allows the
water to absorb excess heat from the dissociation as you pour, so the heat produced can be
regulated by the petson pouring, It also prevents a harmful splash back. Fven if some of
the liquid does splash back, i¢’s likely going to be the water that was displaced by the acid

that gets splashed instead of the undiluted acid. (See Answer 430 for a detziled explanation
of why we add base to water slowly.)

430. (D) Remember the rhyme, “Slowly you ought—ta add bases to wat-tah” The dissocia-
tion of strong base in water is Aighly exothermic. Adding the base slowly to water allows the
water 1o absorb excess heat from the dissociation and allows the pourer to adjust the pour
accordingly. If the base is added too quickly, or an insufficient amount of water isadded o a
base, the container can get too hot and can even boil. It can also splatter out of the container
due to the vigorous reaction. The compasition of the splatter will be a hot (possibly boiling),
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concentrated solution of a strong base. (Sec Answer 429 for a detailed explanation of why

we add acids to water slowly.)

431. (D) The best-way to deal with an acid spill is to rinse the area to remove excess acid,
then neutralize it with a weak base. Vever use strong acids or bases to neutralize a base or
acid spill, especially on skin. Acids and bases neutralize each other in a highly exothermic
reaction that can thermally burn skin (in addition to chemically burning it).

432, (B) The most direct and efficient method to determine the mealarity of this solution
is to measure its volume. Two pieces of informarion are needed to calculate molarity
(M = ®/,), mol and L. The student already knows how many moles of acetic acid are
present, so all that needs to be done is to measure the total volume and plug it into the

expression for molariry.

433. (B) The most direct and efficient method to determine the molality is to measure the
imass of the solution. The student needs two pieces of information to calculare molality
(m = ™ol kg solvercls mol and kg solvent. The student knows the mass of the phosphoric acid,
co the number of moles can be calculated. Also, the mass of the phosphoric acid has to be
subtracted from the total mass to determine the mass of the solvent, which is needed for

the expression.

434. (E) The conductivity of a solution is a measure of its ability to conduct electricity. It
can be quantified by measuring the resistance to the flow of electricity between two elec-

trodes in the solution.

435. (B) Chromatography is a general term for a laboratory procedure used to scparate the
Components of a mixture. Paper chromatography uses a two-phase system, a solvent and
paper, to separate the components of a solution according to their differential solubilities
in (or affinities for) the solvent and the paper.

436. (A) The concentration of a colored solution can be determined by colorimetry, or
visible-light spectrophotometry. The more concentrated the solution, the greater the absor-
bance (or less transmittance) at a particalar wavelength, Using standard solutions of known
concentrations, a graph of absorbance (ar transmittance) versus concencration is constructed
so that any absotbance (or transmittance) value can be linked to a concentration by interpola-
tion (obtaining “implied” data from arcas on a graph within discrete, measured data points).

437, (D) Gravimetric analysis is a method for analyzing the amount of a substance by
weighing the products of its reaction with something else that is known. For example, we
could determine the concentration of sulfate jons in a solurion raking a sample of known
volume, adding Ba* ions until a precipitate stops forming, and then weighing (after filter-
ing and washing) the precipitate. Because we can measure the mass of the precipitate, we
know the molar masses of BaSO; and the stoichiometry of the reaction {Ba* and SO,
react in a 1:1 tatio), and we can figure out how much sulfate was in the original solution.
Differential precipitation exploits the different solubilities of ions in the presence of other jons
or under different conditions to selectively remove them from a solution. {Sec Answer 438
for a description of a similar method of analysis, titration.)
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444. (B) NH;* and NO;™ are both water soluble ions no matter what other ions are present
so the only way to retrieve them from an aqueous solution is to evaporate the water and

collece the dry solid.

Chapter 14: Data Interpretation

445. (C) Astatine is the heaviest known halogen and is produced by the radioactive decay
of other elements. Its short half-life (7—8 hours, depending on the isotope) prevents it from
being purified in significant quantities. The astatine purified in the question decayed into
bismuth. The bismuth then decayed into lead. We didn’t have to know the decay series of
astatine to answer this question correctly. Because it has an atomic number of 85, we know
it Is radioactive and will likely transmutate into other elements. '

446. {E) Each compound is only used once, so we can eliminate answer choices even if
we're not sure how the particular compound in the question reacts with ammonia.

1 = Silver nitrate

2 = Barium chloride

3 = Copper (1) nitrate
4 = Mercury (I) nitrate

5 = Fe* ions
447, (A) See Answer 4406.

448. (C) At low concentrations, NH; is a weak base and produces hydroxide ions, OH™,
that combine with Ni?* to form Ni(OH),, which is normally insoluble. The excess NH;

allows it to form a stable, soluble, complex ion with Ni** instead of precipitating with
the OH™.

449. (C) Solid Zn reduces H* ions in solutien to produce H; (Zn is above H in the activity
series, and can therefore be oxidized by it). When the C0O42" ion is present in acidic solu-
tions, CQO; gas is produced according to this (worth memorizing) reaction:

H+(aq) + CO_;,Z},W) = H+(ﬂq) + HCO?’_("’I) (=] H2C03 = COZ(g) + Hzo(b

NHj, however, will not produce a gas when combined with HCL. Instead, the weak base
will partially neutralize the strong acid, producing a soluble salt (NH,CI) that will remain
in solution with the excess H' ions.

450. (D} Na,COy is a very soluble salt {due to the Na*) and the CO5*" it produces in solu-
tion is a weak base. It will pick up protons to form HCO;™ and even H,CO4.When the CO,*
ion is present in acidic solutions, CO, gas is produced (see the equarion in Answer 449),

451. (D) The Law of Multiple Proportiens states that if two elemnents can combine to form
more than one compound, then there is a small, whole-number ratio comparing the masses
in which one element combines with the fixed mass of the other. The simplest way to illus-
trate this is with H,0 and H,0,.
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Mass O : Mass H
H,0 16:2 or 8:1
H,(, 32:2 or 16:1

If we hold the mass of hydrogen constant, we can see that the ratio of the mass of oxygen
in H,O, compared to water is 16:8 or 2:1. There is no “law of stoichiometry.” If there
were, it would be a derived from the laws of definite proportions, multiple proportions,
and conservation of mass.

452, (A) Finding the empirical formula only requires knowing the mole ratio in which the
elements in a compound combine.

453, (C) Each of the compounds contained 28 g, or ¥2 mol, Fe. The tricky part is that the
masses of oxygen are the masses of molecular oxygen, not atomic oxygen. To find the
number of moles of oxygen atoms, we need to find the number of moles of molecular
oxygen and double it (there are two oxygen atoms in each molecule). In the first compound,
Y5 mole Fe combined with % mole oxygen atoms (%4 mole O, molecules) in a 1:1 mole ratio
{(Fe0). In the second compound, ¥2 mole Fe combined with ¥4 mole oxygen atoms {1/8 mole
O, molecules) in a 2:1 mole ratio (Fe,O). In the third compound, ¥ mole Fe combined
with ~2/3 mole oxygen atoms {~1/3 mole ), molecules) in a 3:4 mole ratio (Fe;Q,).

454, (D) Effforescence is the loss of water from a salt crystal upon exposure to air. Deliques-
cence is the property of having a strong affinity to absotb water from the air. It is a property
of a good dessicant, a substance used to create and/or maintain a state of dryness. Hydrophilic
is synonymous with the term water-soluble. (See Answer 11 for an except question straregy.)

455. (B) Blue, or dry, CoCl, has a molar mass of 130 gmol™, so 13 g=0.1 mole. The sample
absorbed 4 g of water from the atmosphere during handling, which is equal to ~0.2 mole of
water {twice the number of moles of CoCl,). The formula for the purple hydrate is thus
CoCl, - 2 H,O. The sample absorbed 7 additional g of water, for a total of 11 g, or 0.6 mole
of water, making the formula for the red hydrate CoCl, - 6 H;O.

456. (B) With the exception of gold and copper, the color of all of the pure transition
metals (as reduced metals) is silver. The compounds of transition metals are colored, and these
colors of are due to electron transitions that occur when the metal bonds with other ele-
ments. The oxidation state of the transition metal determines the color of the complex. The
two most common types of electron transitions are electron transfers and d-d transitions.

Electron transfer: In a complex ion, ligands (ions or molecules that bond with the central
metal) surround the metal and form a coordination complex. Often, the ligand transfers one
or more of its electrons to the central metal atom (they are commonly thought of as Lewis
bases). In complexes in which the central atom is a transition metal, the eecsrons involved
in the transfer are easily excited by wavelengths in the visible light spectrum, causing some
wavelengths of light to be absorbed and others to be reflected. The reflected wavelengths

are those we see as CO[OJCS.
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d—d transitions: In transition metal complexes, the d orbitals vary in energy level. These differ-
ences in energy correspond to the wavelengths of light that can be absorbed (and reflected).

457, (B) The molar mass of a compound can be found by its vapor density. The formula is
derived from the ideal gas law: PV = nRT but substitute (™™ 8/ \p oo mag) for n (the
number of moles) and solve for molar mass (MM).

MM =8RT/, . MM = B0 082673 o - MM = 46 g mol™

458. (C) If the temperature was not actually brought up to 100°C but the calculation was
still done using the value 373 K, the molar mass calculated would have been Lerger (T is
in the numerator in the equation derived in Answer 457). (See Answer 11 for an except
question strategy.)

459. (B} The molar mass (MM} of a compound can be found by measuring its effect on the
freezing point or boiling point of a liquid. In this case, we know that 10 g of solute added
to 50 grams of water raised the boiling point by 2°C.

The formula we use to determine freezing point depression or boiling point elevation is
AT = K mi, where K, is the ebullioscopic constant, a constant that allows us to relate the
molality of a solution ro the beiling or freezing point of the solvent (subscript b is for boil-
ing point). The Ky and K are specific to a particular solvent. The van't Hoff factor, i, is the
ratio of the number of moles of particles a compound produces in solution relative to the
number of moles of particles of compound added.

The formula AT = Kymi can be used to determine the numerical value of m
(molality = mel solueey kg solvenc)- 1he mass of the solute divided by its malar mass (MM) gives
us the number of moles of solute; while the number of moles of solute divided by the mass
of the solvent gives us the molality. Therefore, we can rewrite the 7 expression as
m = (mass of “’I““’.’(MM}(kg colvenn))- We know the mass of the solute and we calculated m
with the equation AT = K,mi, so now we rearrange our molality expression to solve for
. = [ sol
MM: MM = massolfse u[el(kg solvent) (m)*

{ma.ss of solure in g, gr:u‘ns/(

Alternatively, we could substitute the expression for m, MM (kg mhcm)),

directly into the equation AT = Kjmi and solve for MM:
MM = ixn glkgAT S MM = @51 (10)1"(0.05) @= ~101 g molfl

460. (C) The point in the curve where the temperature (average kinetic energy) is stable
means the potential energy of the substance is changing (decreasing in this case). The absence
of a termperature change in a substance that is gaining or losing energy is an indication thar
the substance is undergoing a phase change.

461. (C) The temperature of the solution increases about 1°C and then decreases again
to 70°C over the course of about three minutes. The average slope of the line during rhat
time period is close o zere, and indicates the approximate freezing point of the solution.

462. (B) Use AT =Kpmi, i = 1 (no dissociation).

AT=10°C - 10=(F.1)m -. m=-14
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463. (B) AT =Kpmi, i=1 (no dissociation)
AT=125°C, Ke=5 com= Tl = 125/ = 2.5m
molality = ™ol S"lmefkg solvene +'+ moles solute = () X (kg solvent)
moles solute = (2.5)(0.10) = 0.25 mol solute
moles solute = massolutef @ e Solving for molar mass:

— mass sal —
molar mass = masseicef o e =208/0 55 1o = 80 g mol™!

464. (C} Diffraction is the spreading out of waves when they’re passed through small open-
ings. Diffraction is a property of waves, and to occur, the wavelengths of the waves must
be comparable in length to the size of the opening through which they are being passed.
'The pattern that emerges is similar (and probably indistinguishable from) an interference
pattern, with alternating dark and light bands. X-rays have wavelengths comparable to the
spaces between the ions in an ionic crystal lattice and will produce a diffraction pattern
which is used to analyze the lattice structure of the crystal.

465. (E) 'The calculation for determining the percent mass of a hydrate =

Fdey s
(massofdy sampley hydrated sample) X 100. If the sample was calculated to have only 26 percent

water, it’s because the mass of the dry sample was greater than its actual mass, making the
“dry compound a larger perceat of the hydrate than it actually is, Deliquescent compounds
readily absorb water from the atmosphere, so the most likely cause of the increased mass

of the dry compound is that it wasn’t really dry; it still had water molecules attached to it
when it was weighed.

466. (A) Mg is above hydrogen in the activity series, so we know that it can be oxidized
by the H* ions in the HCI solution. The Mg will reduce 2 H* to H,, gas. Zn is also above
hydrogen in the activity series, but the Zn in Zn(NOy), has already been oxidized (it's in
the form of Zn?"), and so it has no electrons with which to reduce H,

Na 129 its elemental form could certainly reduce H*, but not in its oxidized form. The
CO4* will produce CO, gas in an acidic solution, not H, gas, according to the equation

HY o+ CO% gy & HY ) + HCO;3 7y © HyCO; & €Oy + HyOy,

467, (C) We are titrating a weak base with a strong acid. HCl is a strong acid, but since
the pH at the equivalence point is < 7, we know we are titrating a weak base (the pH of the
equivalence point of a strong acid-base titration = 7). Methyl red is the best indicator listed
for this titration because it changes color with the pH range of the equivalence point of the

titration (the equivalence point pH is it about 5 and methyl red undergoes a color change
between pH 4.4 and 6.2).

468. (A) A buffer solution resists changes in pH by acting like a “proton sponge,” giv-
ing them to the solution when the [H*] decreases and absorbing them from the solution
when the [IT*] increases. The buffer region in this titration consists of the weak base and
its conjugate acid. The buffer region is always ar the beginning of the titration, when the
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weak base and its conjugate acid are present in fairly high concentrations, before too
much neutralization has occurred. In this titration, the buffer region lies b.ereen
pH 11 and 8. Phenolphthalein would remain pink in the buffer region and transition to
clear at the end of it.

469, (B) The CO4% ion would have produced CO, gas in an acidic solution (Sample 1)
according to the equation

H*+ CO;* & H' + HCO;3 ¢ H;CO,5 ¢ €Oy + H,0.

CaSO, and BaSO, both form an insoluble white precipitate, while aqueous NH; prccip.i-
tates green Ni(OH), and formns a colored solution when it reacts with water and ammonia
according to the equation

N12++ 2 NH5 +2 HZO f=—1 NI(OH)2 +2 NH4+-

470, (D) The purpose of collecting a gas over warer is to keep_rhe gas ata constant pflessure
as more gas particles are collected. Gases are highly con_lpresslble, s0 ﬂ'lclr VOll..llTlC changes
with changes in pressure. Measuring the amount of gas in a closed, rigid container requires
that &pzh pressure and volume be measured.

An eudiometer, a device used to collect gas over water, works by displacing water with gas,
but the pressure of the gas always equilibrates to the atmosp_heric pressure bCCE}L!.SC _the gas
pushing down on the surface of the water in the eudiometer is tl}e same (at equlh!)n ucrln) as
the pressure of the armosphere pushing the water up in the cudlomet.er (by pushing down
on the surface of the water in the container in which the eudiometer is placed).

471. (D) HCl and NH, are very water soluble gases. A large number of‘ the ases will dis-
solve in the water. They must pass through to be collected, greatly rcduclmg the yield. C.O2
is slightly soluble, so it’s not the best gas to collect over water, but a relatively small fraction
will be lost to ics dissolving in (and reacting with) water compared to HCl and NH;,

472, (B} The gas collected in the eudiometer is acrually a mixtu.re of two gases—.the gas
intentionally collected and water vapor that evaporated in the eudlomc(t)er. The parcial pres-
sure of the water vapor is determined solely by the remperature. At 22 C, the temperature
at which the experiment was performed, the vapor pressure of wat,er is 19.8 tor-r. ‘The total
pressure of the gases is 770 torr (the atmospheric pressure). Dalton’s Iavx.r of partial pressures
states that the total pressure of a mixure of gases is the sum of the partial pressures of each
of the gases in the mixture .. 770 — 19.8 = 750.2 torr. {See Answer 470 for an cxplane.l—
tion of why the total pressure of the gases in the eudiometer is equal to the atmospheric
pressure.)

473. (B) mass.y, wawer — MASSeyp, = MASS e

P

mas: — IT1aSS mass,

Sey pHwatertice cuptwater — ice

474, (E) The mass of the ice measured would have been greater than the actlgal mass I?JF the
ice, so the heat of fusion calculated would be too low. The units of Hfufiun = camn 08 I -
Either way, a larger mass would have increased the value of the denominator and decreased
the value of Hp o
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475. (C) To calculate the heart of fusion of ice using this method, the specific heat of the
ice must be known since the temperature of the ice must be raised from —20 0 0°C. before
it meles. In addition, the heat used to raise the tetnperature of the ice and to melt it comes
from the loss of heas of the liquid water, so the specific heat of [iguid water must also be
known, Hg,, = (total heat lost by liquid water) — (heat gained by ice to reach 0°C).

476. (B) 0.4 M = 0.4 mole per liter, or 04 molf, solution X 0.250 L= 0.1 mole KOH (since

the L cancels). Remember to convert to L; do 7ot use mI.. The molar mass of KOH = 56 ¢
mol™ . 0.1 mole=5.6g.

477. (D) This question refers to an electrolytic cell. Two hours reduced 230 grams (10 mol)
of Na* into Na. Since 1 mole of electrons is needed to reduce 1 mole of Na‘ ions, 70 moles
of electrons must have passed into the cell in two hours, Ee>t requires 3 moles of electrons per
mole, so we intuitively know we'll get a little more than one-third the number of moles of

Fe metal. 10 moles clectrons x (! molFe™y, 0y~ 3.3 moles Fe* jons can be reduced.
"The molar mass of Fe is 56 g mol™! . 3.3 moles Fe weighs about 185 -3

478, (D) We don’t really need to calculate the final concentrations of jons in the resulting
solution because they are all present in the same volume, so the total number of moles of
each species is enough to compare their relative concentrations.
0.1 L of Zmelf; Ph(NQ,), = 0.2 mole Pb(NO;},, which yields 0.2 mole Pb?* ions and
2 x 0.2 =0.4 mole NO4 ions.

0.1 L of *mlf; NaCl = 0.3 mole NaCl, which yields 0.3 mole Na* and 0.3 mole CI- jons.

PbCL, will precipitate out of solution in a 1:2 ratio of Pb2* to CI-. 0.2 mol Pb?* will pre-
cipitate 0.4 mole CI~ ions, but there are only 0.3 mole, so just about all the CI™ ions will
be taken out of solution by the 0.15 mole Pb2* jons (0.3 mole CI~ will combine with
0.15 mole Pb?* leaving 0.2 — 0.15 = 0.05 mole Pb2* behind).

479. (D) Differential precipitation can separate ions mixed in a solution.

Ba?* Fe* Zn2+
Ch soluble soluble soluble
OH~ soluble INSOLUBLE INSOLUBLE
SO - INSOLUBLE soluble soluble

480. (A) An electron gets excited (raised to an orbital of higher energy) when its atom or
molecule 2bsorbs energy. The excited electrons are not stable at the higher energy levels, and
when they drop back down to ground state, they emit energy, ‘That energy is often lost as

a photon (but there are other ways for energy o be lost). The energy of the photon is propor-
tional to the energy change of the electron.

481. (D) The photoelectric effect demonstrated the particle-like properties of light (or
more generally, clectromagnetic radiation).
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482. (DYE=hv.:- E=(6.63x103%)(4.4 x 101 =2.9x 1077].

483, (B) The energy of a photon is given by the equation E = Av, where £ = 6.63 X 1073475
and v = the frequency. Make sure to use the frequency and ot the wavelength.

484. (C) Fach line in line spectra corresponds to an energy change of an electron. Any one
electron can produce several lines according to the energy transitions it experiences. (See
Answer 11 for an except question strategy.)

485, (C) Waves can be imagined as vibrations produced by an oscillator. When the waves
from an oscillator are polarized, all the vibrations occur in one plane.

486. (D) The spin of an electron is either +72 or =¥, 50 only two spots would be expecred
to appear on the screen. The electrons spinning with +Y% spin would be deflected in onc
direction by the field, and the electrons with the — spin would be deflected in the opposite
direction.

487. (E) Emission lines represent the energy transitions of the electrons in an atom when
energized. A magnetic field applied to the gas will ot change the magnitude of the energy
transitions of electrons occupying the same otbitals, but applying the field will cause the
electrons to behave as magnets within the field. Electrons of opposite spins are like opposing
poles of a magnet. The field will affect them in opposite directions, splitting the emission
lines they produce.

488. (B) Sec Answer 486.

489. (C) The photoelectric effect is evidence that light (or more generally, electromagnetic
radiation) has particle-like properties. When photons of a high enough frequency strike a
metal plate, electrons are dislodged from the plate. Waves do not have this property. All
photons are massless, they travel at the same speed in the same medium, and their energy
is determined only by their frequency.

490. (E) When J.J. Thomson performed his cathode ray experiment to determine the
charge-to-mass ratio of electrons, he knew the cathode ray was composed of electrons.
Their deflection in magnetic and electric fields indicated they wete charged. A variation of
Young's double-slit experiment using electrons instead of photons showed that electrons have
the wave-like property of interference.

491. (B) Cancelling out units is the easiest way to solve this problem. We need to combine
C and </ ¢ TO get g, 50 we can fip CIE to & and the C unit cancel:

—1.602 X 10719 C x (1Fm) | o 1oe ) = {1,602 % 1074 C) x (-1.76 x 108) L.

492, (D) Neutrons are the only particles in the list that have no charge. Any charged par-
ticle will be deflected when passed through an elecrric or magnetic field.

493, (B) Liquids with strong intermolecular forces have a high surface tension due to the
strong atiraction of surface molecules to each other. Strong forces of attraction between
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the molecules in a liquid cause the surface molecules to stick

to each rightly, i
appearance of a film. The greater the tension of the flm, <) fignty, creating the

the steeper the meniscus it creates.

494. (E) Viscosity is defined as a fluid’s resistance to flow. Li
lecular forces will have a high viscosi
one another, '

A quids with strong intermo-
ty because the particles in the liquid resisc moving past

495. (E) Sec Answer 494,

49.6.. (E) Miscible cypically refers to two or more liquids that are soluble in each oth
Miscible sounds like mixable, and they can be thought of as synonyms. Water and [ecr:
erol can both form hydrogen bonds (The —ol ending in glycerol tells us it’s an alcoholg a)r’ui
v« has O—H bonds. Glycerol is actually a three-carbon compound with a hydroxyl grou
on each carbon, for a total of three.), The high sutface-tensions of water and glycerfl ang

thf_' h_lgh VlsCOSlfy OF glycerol IﬂdIC te th I) I g olecalar
are at thell' Partlcles experience stron
lneerm
fO[CCS Of attraction.

497. (C) A Newton (N) is a unit of force. Surface tension is measured by the force required
to break the surface of a liquid. The surface tension of castor ol is expected to be lowe?' th:

water and glycerol since the only intermolecular forces of attraction in oils are weak Londzlr:
dispersion forces. We would expect the surface tension to be similar to that of ofive oil but

larger than benzene (castor oil and olive oil are tri i i
_ glycerides, or triacylgl Is), whi
very high molar masses (in several hundred g mol™), ryghectol) which have

_498. (B} Tht? bre:?king of van der Waals forces (intermolecular forces of attraction, [MFs)
is endothermic. Higher temperatures disrupt IMFs, decreasing surface tension and viscosity.

499, 03') A very small fraction of the molecules of 2 wealc acid dissociate in solution, so we
expect slightly more than 1 M of particles (but much less than two).

500. (E) A good eIectroly“.ce produces a high concentration of ions in solution. Com pound
E produces three moles of ions per mol compound when dissolved. Soluble salts and strong

acnis al:ld bases are excellent electrolytes because they completely dissociate in solution,
producing at least two moles of ions per mole of compound.




