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1. (22 points) The photoelectric effect

A beam of light with an intensity of 15 W is incident on a copper plate (¢ = 7.43 x 107° J). Electrons
with a minimum wavelength of 3.75 x 107" m are ejected from the surface of the copper.

(a) (12 points) Calculate the frequency of the incident light.
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A beam of light with an intensity of 15 W is incident on a copper plate (¢ = 7.43 x 107° J). Electrons

with a minimum wavelength of 3.75 x 107" m are ejected from the surface of the copper.

(b) (6 points) Calculate the maximum number of electrons that can be gjected by a 3.0-second pulse of
the incident light.

/#: OQ @V\oﬁm}; =

A‘S_T/Emeﬁ’a‘a e T&L?sm

Ve
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Jﬂfﬁ Same. fmﬁ%
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= 2 10 2° ()DV/(K( i PEV)
- 23«0 /3‘0\’\0'{‘0\'\—5 ”Fogu‘/”
b{f

(¢) (4 points) If a new light source (E; = 7.19 x 10" J) with an intensity of 35 W is incident on the

copper surface, what is the maximum number of electrons that can be ejected from a 6.0 second pulse of
light?

None - can  de_ J?Jef £ e beca wce

Ec<C}>
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2. (16 points) One-electron atoms:

Consider a Ca'" ion with its electron in the éth excited state. i oo e < Q&’\n

S i Hh g)(o vl no
(a) (12 points) Calculate the longest wavelength of light that could be emitted when the Ca'’" electron
transitions to a lower energy state. Report your answer with three significant figures.

2§ =2
s, = ,%_,E*"‘\\ nse g/\f st =V
n* no& 0
Z /Halo g:
ES‘—)) =-2 RH B %Z{)\H = g Iru,

e AT =
1%2&4( | ) 1:2.3}%-

: ]D““
X i
& ~10
2%, (1
= 2

(55 -

= 2384 (20%19 -1077)
= BusH| %lO'”"I

(b) (4 points) Suppose the same transition as in part (a) took place in a hydrogen atom. Would the
wavelength of emission be longer than, shorter than, or the same as your answer to part (a). Very briefly
explain why. (Note: This question does NOT require a calculation. Also, you do not need to use the

answer to part (a) to answer this question.)
The photon woul \d have lggé_\_ene_g (c«wresgov\d\u\e\ 6 a
6w e -2) i, as Q. e,gu&/ e ew\d&e& F\qo*cﬂ,\ wauld
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3. (32 points) Multi-electron atoms

(a) (16 points) An x-ray photoelectron spectroscopy experiment with an unidentified element, X,
displays an emission spectrum with four distinct kinetic energies: 5.9 x 1077 J,2.53 x 10" J, 2.59 x 10"
207, and 2.67 x 10" J. (Assume the incident light has sufficient energy to eject any electron in the
atom.)

(i) (4 points) Name all of the possible ground state atoms that could yield this spectrum.

|s2ds2 @ ptlc?

NE )

N

_ o n (Lé, eton Where.
/N \ ( M% - eleckrons have Y adishack
C Hep & energy levelg
(ii) (8 points) Calculate the binding energy of an electron in the 2p orbital of element X if the x-rays
used for the spectroscopy experiment had an energy of 2.68 x {0 g

‘Eg’mo = L\'%‘/\-\* E‘vxercé,} - Eyection Ene 5

R Tl e X~

© - il \‘»L’)lx | TS T |
= 2.68-107%T fee

(iii) (4 points) Consider both the filled and unfilled orbitals of element X. Determine the number of:

total nodes in a 4d orbital: ¥ P
angwlen nedes = 2 R /AT R N
Vadial wnedeyr = n-0-\ oy ‘nedeg = n-| :Ei o

angular nodes in the 2py orbital:

wia« V‘M

bWeg G\wg \
C

)

degenerate Sp orbitals: 7

Fheee oe”(*az? ne v"?_;»x“\f/gp ochtuly
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(b) (22 points) The first, second, and third ionization energies of phosphorus are 1011 kJ/mol, 1903
kJ/mol, and 2912 kJ/mol respectively.

(i) (8 points) Calculate the effective nuclear charge (Zer) experienced by a 3p electron in

phosphorus.

[O0 X /mip\

Lo (‘C)Ol\r
3 ohell / o 0 (
7: 1ol ooO /E

Qe * b.o2Z*10""

2 ?’O 7000 B
2.1195. 107 (. obh 2. 0?3

= A90.99 ,
2.1369 . 027 = Eég/

(ii) (4 points) Would it be expected that the minimum energy necessary to eject a 3s electron

from phosphorus in a photoelectron spectroscopy experiment be larger, smaller, or the same as
the 4™ ionization energy (IE4) of phosphorus? Briefly explain your answer.

“The M LA LR A e.\/\_@r\g’é would be < Q'\\é':?\r* because
e 4% jpuization enerey doec eject a 35 electron,
except Yece s less electron S’hie?fd(vﬁ) rerql%c"@,
W ‘/\C&L\é{r Z o

19
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(iii) (4 points) Which experience less shielding, 3s-electrons or 3p-electrons in phosphorus? Very
briefly explain why.

5 s &(ec%orzf K()Pﬂé nce  lecs sb\(@(dir% é)f’”{:{”’[ ule

they have  mmove probabllifs clens }43, closer Ho
He nucleus /

~—

(iv) (4 points) On the plot below, graph the radial probability distribution for a phosphorus 3p

orbital with a solid line. Label the rmp, and point to each node with an arrow. Label the axes, but

do not include numbers or units. radal nedec =n-L-\ = 2-(~| =
H
elec Seon \/ l , !
probab | [‘.!r N L(
Aen [S¥' T / ‘ \'\\
) « b
B , ( ™
e _ 7 [
G g ( \
/ j \,.,c/ : SR ‘:f"
Winn 2 rad (us
rdial nede

(v) (2 points) Is the rm, for a hydrogen 3p orbital longer or shorter than the rp,, for a 3p
phosphorus orbital? Very briefly explain why.

he M 14 _Jom%gbg» Lo -,;EA& A(@&f*y. 3@

6rbital  because “hece lecc positive

C\’\O\WBJ? at e nuclels pulling the electrons
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4. (24 points) Periodic trends and miscellaneous short answer

(a) (5 points) Consider the second ionization energies (IE,) for the following 3" row elements: Si, S,
Mg, Al

(i) Which has the highest IE;?
S\Ll Qq‘(‘ nes —i‘\"f./\ e W &E:, hecy 5;?((@?/'{@ w 2axk \f{fj; N e ne '/4; Y

(ii) Which has the third highest IE,?

A\ . 3 T P oo A TP i
7&\\\&‘%\“‘% At s the Aaicd highect

(b) (5 points) Order the following atoms and ions in order of increasing atomic radius: Cl, Te, Te”, S.
Note: use the < symbol for clarity.

—_ e
Cl<S<TecTe

v B

(¢) (6 points) Give the electron configuration expected for the following atoms or ions. (You may use the

noble gas configuration as a means to abbreviate the full configuration.)
(i) Pb (Z=82)
© i) 2z
Xe 63256{\ 4-(: é{; .
Rt | e
(ii) Mo (Z = 42)

kS

(iii) Zr" (Z = 40)
Ke Ss7Gd .
X (ko] 4a2 S
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(d) (4 points) In one sentence (or less!), briefly explain the physical interpretation of ¥ for a hydrogen

atom. 2 N Povy . v, ) 1
P s dhe probobulity dentiky of an electron
(T 1 Q e Q
W e orbivkal ¢ pecttied, /

(e) (4 points) How many electrons in a single atom can have the following two quantum numbers: n =
7, my— -3? Py == “:?_
- L 23 Lig
M‘e = —3




1. (30 points) Lewis structures and VSEPR theory
Draw the most stable Lewis structure for each of the following molecules, subject to the information

given for each. Be sure to include the lone pairs and, if applicable, draw any resonance forms that are

equal in energy. Indicate any nonzero formal charges.

(a) (i) (6 points) Draw the Lewis structure of POCIs. Include any relevant resonance forms, and indicate
any nonzero formal charges.
Q) ) 5+2\x L= 32
aR.X4 &
0:p:Q 3 e
C\
cl
\
O =P -C\
\

G5

A
D . =

(i1) (2 points) Name the geometry around the phosphorus atom.

\ t 2 \
’%Q'h e Neciral

(b) (8 points) Draw the Lewis structure of (NCNH)™ (atom order as indicated). Include any relevant

resonance forms, and indicate any nonzero formal charges.

(>S‘+§‘+L4+\ =16

NE3CiN 2) 16 -



(¢) (i) (6 points) Draw the Lewis structure of (SOg)'z. Include any relevant resonance forms, and indicate

any nonzero formal charges.

\\> b4z 2N+ 2= 26
.O 2) %2 \Zb = b bOV\CLi'\“Z e lecty

o/ =7

(ii) (2 points) Name the geometry around the sulfur atom.

L ~al G(‘QV\CL(' \
. Paramical
(iii) (3 points) Circle the one value that best describes the O-S-O bond angle in (SO3)™.

<90% 90°% =>90°; <109.5°‘j 109.5% > 109.5% = 1207 I;120°;i >120% =180° 180°; > 180"

5

S

(iv) (3 points) Is (SO3)'2 a polar or a non-polar molecule?

no n ()(:)5& " ) {-Q /kr\‘%emc@,\

S5{A v 6L E :
\)\C«.%‘-‘ ( . as aoove.

X |\ ARy
e %

>

[*2



2. (12 points) Ionic bonds

KF has an ionic bond with a bond length of 0.217 nm. Calculate the AE, in kJ/mol, for the formation of
a KF bond from the neutral atoms K and F. For this calculation, assume that the potassium and fluorine
ions are point charges. IE and EA information for K and F is provided in the table below.

lonization energy (kJ/mol) Electron affinity (kJ/mol)

potassium (K) 418 48
fluorine (F) 1680 328
o (g +48 -
e < = T = 223 kl/mol
~ ‘KO 4. 4N - ¢
P

| F|

ufey= A0S
2 Hré 213107 1112 €S 107 - 6.21F. (0

POJngg{\&\W s \OV\EZQC\/

‘L\ \$ kX/Mo\

\ : g
ASC Pgprine ccce p ¥y elect ron

Sy S8 G BT e s Y0 Bl Ae L
). 05 e

4w 40 <g Y2 107, 0,21 7. 107

= WER 13 YF - [o™"

= %33 kJ/mol
J_@ AE = BB 2N T s



3. (20 points) Hybridization
(a) (12 points) The structure of thcfel amino acid histidine is provided below. For the indicated bonds, a-c,
write the symmetry of each bond, ‘and give the hybrid or atomic orbitals (with their principal quantum

numbers) that overlap to form each of the bonds. Where appropriate, include the x, y, or z designations
with the orbitals.

b}___lf C - Sps L\aé‘ﬂrifi\
"”'N"a(,CH N-Cbonda: N —> p=
Y 77 (e Mo ) O (Gan, Mg
P W P
H,C l(-:l N-Cbondb: ,_, ¢ > baabi-id
e g Nopr ©

/\ /--i\é* 2\
O O #rieep, Ne™) @)

O-H bond c:
| | Ok, G.") v
\, AV NN P’/@"LA /T

. e (5 9P ‘a(
(b) (8 points)
(i) For the molecule below, indicate the symmetry in the C-Cl bond (labeled a), and give the hybrid or

atomic orbitals (with their principal quantum numbers) that overlap to form the bond. If appropriate,
include the x, y, or z designations with the orbitals.

Cl
.
/6 . Lo
=i C-Cl bond a: /7/ PR
(a D #% |
N o /Sf' , Lap X D

cl ST ! 2

(i1) Do the chlorine atoms in the F,C=C=CCl, molecule above lie in the same plane as the fluorine
atoms or in a perpendicular plane to the fluorine atoms? Briefly explain your answer (with words or a
picture). s >(
| B ¥ . Al Cchnn o ~“p y T )
ﬂﬂ”e‘a e W e Same Q\C\H( : “he Wter'er douwble

N Vol T > Wt - 7.9 A € a4
O LS DvyMmneXx(y ¢

4
A Qc \C '{)Lw\‘;C o lcg— +o Ae kondy

o Cu""‘?’C\

&, ¢ "
AT A




4. (27 points) Molecular orbital theory

(a) (21 points)

() (9 points) Draw an energy correlation diagram for the molecular orbitals of the valence electrons in
CN. Label the atomic and molecular orbitals, including the x, y and z designations where appropriate.
The relative ordering of the energies of the states must be correct. Use the full space available to spread

out your energy levels so that the labels for the orbitals fit easily.

CEN
3 e
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y R \
Y SRl T AR R N
DA ': v ¥ \ WPZ_I& T/(‘(_Pﬁ il 2oy 2 = :
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‘{’B\VL 2 1 MO a.0e %OVLJ(O
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J

(ii) (2 points) Of the CN molecular orbitals occupied by valence electrons, name the orbitals that have

a nodal plane along the internuclear (bond) axis.

7(-?3 Kmx/ @



&
(ii) (4 points) Determine the bond order of the cyanide molecule, CN, and the cyanide ion, CN™.

BOoCN:  3(26)Bo = ) (H bomcling ~ antiboncing)
BO of CN'!:
° S \// @

(iii) (4 points) Below is an energy diagram of the CN covalent bond in a neutral CN molecule. On the
same graph, plot the energy vs. internuclear distance, r, of the CN covalent bond in a CN"' jon. Indicate
the equilibrium bond distances with arrows. The relative values of the bond distances and energies must
be correct, but no numbers are needed.

Energy

internuclear distance, r ——————

(iv) (2 points) Which of the following are radical species CN "2 both, or neither?

(b) (6 points)
Write the valence electron configuration for O,.

o o e Wt »;y/ 2 2,
) { SA [ <=7 AR JAY,
O-00 «  (BY 6 ) (0% %Y m

be ee ) :



S. (11 points) Thermochemistry

(a) (7 points) Consider the reaction below for the conversion nitrogen dioxide to nitric oxide and O,.

2NOx(g) = 2NO(g) + Ox(g)
AH¢° (kJ/mol)
NO,(g) +33.18
NO(g) +90.25

Calculate AH® (per mol of O, formed) for the reaction at 298 K.

66.36 = 180.50 + Ay

N oy Sy

M, = 66.36-BOSO

2

20 At g (NO2) = 24He (NO) * AR (D)

N

"/

1Y .1y KS/

(b) (4 points) Using the table of mean bond enthalpies provided, predict the bond enthalpy (in kJ/mol)

for the CO bond marked with an arrow in the molecule below.

4o =1
H"""—C—_—g: 3 {ﬁ s/j) ;”:T/// MO {
Bond Mean Bond Enthalpy (in kJ/mol)
CuF] 412 ><
G0 348
Cc=C 612
C-O 360 360 < bo nd . 7\
=0 743 U&f((’\f&\?’a LS
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1. THERMODYNAMICS (12 points total)
Consider the formation of MgO (s).

Mg (s) + 1/2 01 (g) = MgO (s) AH ° = -602 kJ/mol

ABS = -108 IR 'mal™,
(Assume that AH ;° and AS;° are independent of temperature.)

(a) (6 points) Calculate AG ,° for the formation of MgO (s) at 0 °C (273 K). Is the reaction
spontaneous or non-spontaneous at 0 °C?

AG = AE = AS®

_—
i

—_-

= - 002 + C;gg}(;_;;:gs )
= -b02+ Jd9d

= = S$72 KT /meol

ges / the ceaction s QPO“‘—’%'&‘V\GQRJ

/

(b) (6 points) Is there a temperature at which the formation of MgO switches from spontaneous to non-
spontaneous or vice versa? If no, explain briefly why not. If yes, calculate the temperature (T*) at

which the spontaneity of the reaction switches.
be cause he 5‘&«“ ¢ are e game, this

Tes
NoN-Spoentangun §f q+f ¢

|, ¢ | ~ 8 S e Y
Cea CX\on Il eleing
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2. CHEMICAL EQUILIBRIUM (12 points total)

Explain the effect of each of the following stresses on the position of the following equilibrium:

3NO(g) ~—— N,0(g) + NO; (2)

The reaction as written is exothermic.

(a) (4 points) The equilibrium mixture is cooled. Explain your answer.

}\e eoM N } P“f\ U vear4 ‘A wd \ H« S';\‘{} "“\(C?‘f,,«.‘fg,i.‘:‘ e

PrﬁO\MJﬁS becm\ce an exsthermic resaction

“ < Y t } ]

2l

(b) (4 points) The volume of the equilibrium mixture is reduced at constant temperature. Explain your
answer. (et )

SWiEt Howoned producks | becayse B enoles

i : 2
ove. be f@W\‘w\é 2 nwles s Jne e ii; <@

y . ) i PSR (3% > S
WALVANALZ R S e sXcesr v { oy f*i Ve ‘é IRaT AN

(¢) (4 points) Gaseous argon (which does not react) is added to the equilibrium mixture while both the
total gas pressure and the temperature are kept constant. Explain your answer.

The @mia uum ”;«‘w amw anol - wf g fel réma n
C“OAK-LCWJ% {\c\ﬁa-'»ﬁ;,. G ICFease N MO‘QY of fota |
aus s 1l Hhe “wlume. were 'mff‘fﬁs?v’tg n which
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3. ACID-BASE EQUILIBRIUM (12 points total)
(a) (6 points) Calculate the pH in a solution prepared by dissolving 0.050 mol of acetic acid

(CH;COOH) and 0.20 mol of sodium acetate (NaCH3COO) in water and adjusting the volume to 500.
mL. The pKa for acetic acid (CH;COOH) is 4.75.

~ Y. ) — O'OS_ = |
Buller Vroblem Molacchies 5 CHy COOH = —= < 0.1 V
P S
CHzCOOH = H,0%+ CHRC00"
Invital Ot > -
AM B! % e
Tokal  O.l-% = 0.8+
pKa = 'lo%(K«\) =

de
s 204 T o4
Ka= [,338°107 = —@giTx— |

X = L},L\L’é.lo-é/<§‘°‘
pH = ~log L4.44p-1076] : L e

(b) (6 points) Suppose 0.010 mol of NaOH is added to the buffer from part (a). Calculate the pH of the
solution that results.

0.0l ~oles NaDH complekely dissoctates
het«{—vq\(}éng O.0\ moles of  'CHRCO0Y
CHSCOO\'\ : H30++ C\’{'SCOO-

lnidial 0.09 ) G4
AM —X XX + X
Teta\ 6 .0G-% > O Y+x
% (0.4 +2)
= ¢ = ST e
Ka,\}:}Br{C- - 0.0 -2
Sh@fd(ﬁ ’
{c 73 + b
hzvg /@ ¢ 70(62 = 1338 107
Sed e '
’%»M-) . 4.06] -107°
6@0/1&,({‘Q< g =

:Sﬂ)/gq. /C l\

oh = ‘lo% [y -UQ\'IO“"] =
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4. ACID-BASE TITRATION (22 points total)
A 10.0 mL sample of 0.20 M HNO; (aq) solution is titrated with 0.10 M NaOH (aq).
(K, of HNO,is 4.3 x 107).

(a) (5 points) Calculate the volume of NaOH needed to reach the equivalence point.
Equivalence Point = (0 ml D.ZM = 2410 S moles of HNO,

;‘,'(O‘%: %e Ol M =

;/V_E:& mbL o€ Nqﬁqj(
Jney; 7
()Z{%f-ég (CL ’107111/\[/

(b) (12 points) Calculate the pH at the equivalence point. Check assumptions for full credit)

. X . \
A‘& e,q;uvq lewvige ‘QO\"\* % ( \2 m L *O‘K‘q&k)

HWNOC, — H%O% r NO, ™

[nitia) 0.2 o O
AM ~ +x ol
Tb ‘ra{ O.2-x > X
2 2
. SRRESERE ) L T
Ko = 0.2-% g 0.2
G- E
% = 9.2336-107°

( —CdEee
X / l:’]é < §°\5w0¢ e 2.)

C
R {
ENERAY

(Hi0%
ol wate

vt No,” = HN\NO, + 0™
. W gzz

(e
A \ 736 O o ¢
m{”h‘ql . = %que(
AM — + T ™ ‘ T—
4oda) 73 00% a2 4 4> < SAtv
- G2 NEE e :
jo " == [ 72
gt = / =
K‘% 43107 / a7 CF
R = = %g—
= a.32¢:10 i P, v 8 o 1 RPN, S i
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(¢) (5 points) Calculate the pH with 2.00 mL of NaOH added past the equivalence point.

Yoo

2wl o0& 0.0 M NaoH

LPBFE
TFetal yelume =\ mL &@wjp
=
eR ROR
ASQLUN\Q CDM@§Q 1(‘2 aAisson L c:i;f& S a8
[-4z\07% W [oH]"

— = & -.2 -
pOR = -log (Luzae™ ) = L gys

poH + o = 14

oW = W-por =[12.2) 7

5. OXIDATION/REDUCTION REACTIONS (30 points total)
For a cell constructed with a Cu (s) | Cu®* (aq) anode and Ag" (aq) | Ag (s) cathode at 25.00 °C.

-
(a) (5 points) Write the overall balanced equation under acidic'conditions.

Cuw s oxidivech 2\2; ve  reduced
P A\ s
Cuw - Cu Aa"+e” — Ao
- d c

Cu — C/%’” 42¢
C’\«‘x *&%‘\EQ*_—) quk»+&H20 HZO“’A%JF =3 H3O* % Afa

Ovecall ceactt on’s

Cur g&@*f@az/olalx%“’ =iy &9{§+ g + Cu®" 4 2kt

@

\

\Z
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(b) (13 points) Calculate the cell potential at 25.0°C under non-standard conditions:
[Cu? "1=0.300 M and [ Ag"] = 0.0500 M
. . L{o ©
Cell prrtevit wa &\44‘]% ey {'“ce
: < {J‘ 0\;&& * T
\'\[‘- v\@»\,\d' I

ndnu>

‘H\u g\aV\ hex¥
AES= 2o, 5> ( vé 34)

= [L,6+0.34= .94 V x

© _ (Rt/2). 1. [ L&)
AE AE ( fid‘)(\ af\ﬁ\ ;\6\3),40?}@*:

i

e
= 94 -{6.62569 «} ) y“ 6. 6000) 'HL S
+‘€' /\/\’\
=194 - 9.20%.)47°
LY
(¢) (6 points) Is the above cell a galvanic or electrolytic cell under standard conditions? Explain your
choice of answer.
%&k\ Voan (¢ ’BP cause -‘!—O"i‘a\ o L@oi e is gos o i
t::06 G\'!bbg :—(‘{)e i(—;t'“'

\ @ g

Gy S V\Q%Gt(*\‘ue,. aw ek
LWIIC; 4
The ceaction |

s 1/ pondaneous.

(d) (6 points) Of the following, list all of the atoms or ions that will oxidize Ag (s):

Au’ (ag), Pb*(aq), Zn (s), Cr**(aq), Ni (s), Au
(s)-

V\l} Au” will oxiclize A%
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6. OXIDATION-REDUCTION (12 points total)
The following reaction has an AE°(cell) of 2.27 V and a K = 10**® at 25°C

2 MnOy (aq) +5 Zn (s) + 16 H30" (aq) = 2Mn** (aq) + 5 Zn*" (aq) +24 H,0 (1)

(a) (4 points) What is the oxidation number for Mn in MnO,™?

M 0y ™
/

(b) (4 points) How many electrons are transferred in this reaction (in other words, what is “n’)?

Ox +F =12

2*5e” = E_e;'j

>

e,

(¢) (4 points) Would you expect a large quantity of MnOy ions at equilibrium at 25°C? Why or why
not?
No / k >>2 ) 2, “the ceaction s &\ ot
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