ChemActivity 1: Bond Angles and Shape

(What are the bond angles and shape of CH,?)

Model 1: Planetary Model of an Atom

In a planetary model of an atom, negatively charged electrons (-1 each) are arranged around a
positively charged nucleus (+Z = nuclear charge) in a series of shells that look like orbits.

® = electron
shell #1
H C N (0] F Ne

Figure 1.1: Valence Shell Representations of Hydrogen, Carbon, Nitrogen, Oxygen, Fluorine, and Neon

core electrons = electrons in any inner shell(s) (don’t participate in bonding)
core atom = the nucleus (made up of protons and neutrons) plus the core electrons
valence electrons = electrons in the outermost shell (participate in bonding)

valence shell = outermost shell, where valence electrons are found

Electrons DO NOT ““orbit™ the nucleus like the planets orbit the sun. In ChemActivity 3 we will study a more complex model
in which electrons are described as inhabiting 3-dimensional regions of space called “orbitals™ (1s, 2s, 2p,, 2p,, 2p,, 3s, etc.).

Critical Thinking Questions

1. (E) What does the number (+Z) at the center of each atom in Figure 1.1 represent, and what
number would you expect at the center of a representation of a bromine atom (Br)?
zZ ,‘:vu«s M wvlear A/L.u'»vz, . T4 Jso 'ONQ'S L ot Gan o'F ‘orbjnvts (dv' q,(L,_-F-/AV\s\) .

2. (E) How many total electrons does an oxygen atom have, and how could you find the answer to
this using a periodic table? .
gap Z gives 7N HLZ wombor oep dechoune . On s (’M'D&"C

Fade 2 04 e ohwic mumbor (oq. 3 Por oxyqen),
3. (E) How many valence electrons does each atom in Figure 1.1 have and what number on a

periodic table gives you these answers? T/, lo{+ L N,l\,ql’ L4 S, 6, F R

On o paunindic fable Haa Grovp wwmban gveo Har wumben of volenca eledhaas.
4. What is the maximum number of electrons that can fit in...

a. (E)shellNo.1? ®

b.  (E) shell No. 2 (Neon has a full Shell No. 2)? 3

c.  Describe how the answers to a) and b) are contained in the structure of the periodic table.
Tle wum ban of ddemmanke i a vo)  @ovres ponds b He waximuuwr
nuw bea o valen e eleckfons 1 quok  gloll . Row 1 caveapad s
s ben g1 Rivw 2 4o Sl #7272 odc.
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ChemActivity 1: Bond Angles and Shape

Model 2: Bonding and Non-bonding Electron Domains
Bonding electron domain = shared valence electrons (2, 4, or 6e) localized between two core atoms

3 types = Single Bond (1 pair, 2 electrons); Double Bond (2 pairs, 4 €7); Triple Bond (3 pairs, 6 € )
Non-bonding electron domain (“lone pair”) = pair of valence electrons (2 € ) not involved in a bond

One way to think of a bond: two positively charged core atoms mutually attracted to the negatively
charged electrons that are localized between them.

valence shell

representation*

e

dot shorthand --- H*H 3 “:O;
si'u:(a, loud — dDUbLSL Qdu—& —('/IpL& bowd -"1
lecbkvow 3
bond-line -~a " W elechaes 60£8; b elesbovs N=ND
: Q J
electron domain - - HOH oD ONONO
V72N e
ball & stick - - =6 «=C %
space filling --» ‘ “

Figure 1.2: Example of a Single, Double, and Triple Bond

Critical Thinking Questions
5.  (E) How many electrons are in a triple bond? (p

6.  (E) Identify each lone pair shown in the first four rows of Figure 1.2.
tirded tn blye , above.
7. (E) Each molecule in Figure 1.2 has exactly one bonding electron domain. Identify it and...
a. label what type of bonding electron domain it is.
b.  report the number of electrons in each bonding electron domain.
Sel gbbve—

8.  You hear a student from a nearby group say that “Electron domains repel one another.” Cite
evidence from Figure 1.2 to support or refute this statement.

T e edecbont dawr an f&/[@x)mﬁ/{mj o elec triv bw;m'i/lS are.
7//‘4!4.&( sk Frovn L g el s mo i 40 ,4444"45(&. T O, ‘H/Q/q af_
[AD° a_/)mA’ . j/l. Na %uenf are 1%30° ﬂfpw‘(L
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10 ChemActivity 1: Bond Angles and Shape

Model 3: Bond Angles
bond angle = angle defined by any three atoms in a molecule. (e.g., ZHBH in BH3, below)

According to the Valence Shell Electron Pair Repulsion model (VSEPR) electron domains spread out
as far as possible from one another (repel one another).

Even for a molecule with different-sized electron domains (e.g., H,CO), bond angles remain very close
to those you would expect if all the electron domains were the same size.

Table 1.1: Bond Angles of Selected Molecules

Bond-line Structure Approximate Bond Angle
hoBe_y  N=c—n 9==C==0 180
H ﬁ H
e Ak
W Snow” p H How” w

Critical Thinking Questions

9. Use VSEPR to explain why the #HBH bond angle of BH; is 120°. (Hint: What is one-third of
36007) T f y cssv e e WM/g ,—.L()Jl oAz C&.émzp ﬂ\)wa&
asoom PN ) Houn Y epped e alechon paivs o oprad pusk

|0’ awaﬁf Th ¢ @/y(,)[w%./\.g Yo [’Z_o‘ Gond aw\_oll_ozo »£ ‘%q'z,

10. Both the ZHCH and ZHCO bond angles of H,CO (formaldehyde) are very close to 120° but one
is slightly smaller than the other. Predict which is smaller, and explain your reasoning.

e elec hovi donoin fornned 2y fia Aovble. Povd to oxygeu (s Oy ecdedk
e langen oan fhe gingle bonds fo g daogen . thic vl bl Mlso o
LHCH bowd angle fo be slyutly <mallln (au Ha LHCO pond augla

11. Use VSEPR to assign a value of “close to 180°” or “close to 120°” to each bond angle marked
with a dotted line. (These angles are drawn as either 90° or 180°, but may be another value.)

H——N: H ®:0——H H H H

H H H

(20 Az 120 | :
I | R I G T W
H——C—C==C  H-—C==Cc=—=C—H IN==C==Q  H=—C7—H  H=—g=—C=—C—H

o RELART ] R b R
12. Consider the following flat drawing of methane (CHy,). 50" T
a. Whatis ZHCH bond angle implied by this drawing if you assume it is flat? H—C——H
b.  Are the electron domains of this flat CH,4 spread out as much as possible? l
No.

c.  Use model materials to make a model of CH, (methane). If you assembled it correctly, the
four bonds (bonding electron domains) of your model will be 109.5° apart.

d.  Inwhich representation, the drawing above af the model in your hand (tircle one) are the
H’s of CH, more spread out around the central carbon
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ChemActivity 1: Bond Angles and Shape 11

e.  Confirm that your model looks like the following drawing. The wedge H
bond represents a bond coming out of the page, and the dash bond |
represents a bond going into the page. /C Uiy

H H

f.  You will often see methane drawn as if it were flat (like on the previous page). Why is this
misleading, and what is left to the viewer’s imagination when looking at such a drawing?
The bowd WCM oF waelhanme e 107.5°, ot 90° 40 fas Aat dracw,

¢ et +y """‘PL'j' T4+ il lefd b A vece b sen Ha npleswle M 2D,

13. Use VSEPR to assign a value of (close to) 109.5, 180 or 120 to each marked bond angle.

Ho o H 10 H H H H H
RSN L T T R
H——C——C==C H——=N——C——C——0——H HTNI,—CTQTC—\'—H HTQ@,—C—"—H
| L [0g | o | |
H H H H H

14. A student draws the picture of ammonia (NHs) in the box below, left, and predicts it will be a flat
molecule with ~HNH bond angles of exactly 120°. Unfortunately, the student left something out.

T @/ lone pair in non-bonding domain
/(\N/)\ Ny
H H H/ ""'H
120° H
Accurate Representation of Ammonia
Student's incorrect drawing

a.  What did the student omit from his drawing? Hre lowe pwic
b.  What is the actual ZHNH bond angle of ammonia (based on the drawing above, right)? ~ 109"

c.  Explain why water, ammonia, and methane (shown below) all have about the same bond
angles (close to 109.5°) even though they have different numbers of bonds.

H 71/414// ecadr have 7@\»)' elecbvinn dbwains
| 2cowad e ceantrel s, When eaz

H/O\H H/N ”“;_I'H H/C ”“;_"H Aiureans ryru.d dok masc Wtaﬂ7 M\ﬁ-
water ammonia methane reanlt ¢ ~109° boud A/uq(,w
Memorization Task 1.1: Correlation between #No. of Electron Domains and Bond Angle
Electron Domains (bonding + non-bonding) Bond Angle Close To... Examples
4 109.5° CHa, NH3, H,0, HyN*
3 120° BHa, HsC*, CH,, H,CO
2 180° BeH,, O,N", CO,, HCN
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12 ChemActivity 1: Bond Angles and Shape

Model 4: Shape

A central atom = an atom bonded to two or more other atoms. (e.g., Oxygen in H—0O—H)

Each central atom has a shape determined by the arrangement of the atoms attached to it.

Memorization Task 1.2: The five molecular shapes we will encounter in this course

dotted line (---) shows SN
\
. edges that are NOT bonds Catomin \\\\\
He) the center N
\ ~ e isnota N
C Ny, corner  / VN
| /III/,,,, / Cur
' I N
_Sley ! T
5 c 5 H/ \H e / HZ=zz-"" \
= - trigonal H T H
linear bent planar pyramidal tetrahedral

Critical Thinking Questions
15. (E) Explain why the molecule H—F is not associated with an official shape as defined in Model 4.

‘/]au need three doves b hove w cenbral abou (et a ébwpe,).
16. How many central atoms does the molecule H,NCH; have, and what is the shape about each?
Tiwo ceubrnl atrs
N = chaype g pymm,‘ld
| C > shape /¢ lehnledral

17. Indicate the bond angle and shape about each central atom.

~ (09 -
T T T/M[hg T botl. 7107, 5wt T
® . @ . . .e ®
H C—E'- H Q—C—H H——C——H H——C——H H—O—0O—H H——N——H
~ 12D ~109 =) NI;Z{, .o . | 109.5
4. plamar ided ~ 109 6
’JL‘/1 f ol p'ffm H P(f}"h,{,ul‘/h/e ) H J-e,'{\fhbtco!rg,{

18. Explain how there can be two kinds of bent: “bent-109.50” and “bent-lZODOL,” and give an example
of each from the previous question. (Note that “bent-109.5°" is more common than “bent-120°.”)

Ao showu opove | Jhen fhere 1o ot lowe pair s Ha ewd rel ekvvn pnd
bwo Gods fe roovld i< 120 Vel lan Nare are bod love pare and
hv bovds e rlould 1€ -0 beud.

19. A student makes the following statement: “The shape of water is tetrahedral because the four
electron pairs about oxygen are approximately 109.5° apart and point to the corners of a
tetrahedron.” What misconception does this statement convey? L
This sisbenrert indicateg 4 lade o VMAM<+MIA7 rat Ho shpe, J‘Cﬂ » it an

abova 16 szlwu.«ﬂ Qq Lo P()’Sfo\A—S p§ e tHadiedl obsuns . Tleovrsia s g

eflec led by fa love pars, love paire Hemgalveo o wt fgwe inks H#a slope
20. A student who missed this class needs to know how to predict the bond angles and shape of a
molecule from looking at its bond-line representation. Write a concise but complete explanation
for this student. Cpuuk fhe nvwian af slectvin dowmzns arovnd b centband addven .

Asgywme -k/\o,g_(__ Ao anns 6‘3‘!"%& 1wk werw ond AOJ-W\V\A"I/UL e d—n')(_'&- ge/'(‘w-o,e,w
Mo Qowmoons ao rep mbed in Uen. Taok L. Vv connect o rointe oo Funed

and cHrded s by Adefermive a shape pﬂ,\y\M«M_ka‘,’Z,_

b 3 Wa Cemlval m Copyright © Houghton Mifflin Harcourt Company. All rights reserved.



ChemActivity 1: Bond Angles and Shape 13

Exercises
1. Draw avalence shell representation of a

a.  Helium atom.

b.  Sulfur atom.

2. Inthe box, draw a bond-line representation of the molecule shown on the left. Be sure to include
only valence electrons (either as line bonds or lone pairs).

line-bond rep.

3. Consider the incomplete valence shell representation below.

a.  Assume the atom is neutral, and write the correct nuclear charge at the center of the atom.
b.  What is the identity of this neutral atom?

4. How many valence electrons does a neutral
a. Katom have?

b. Catom? N atom? O atom?
5. Consider the molecules AICI3 (aluminum chloride) and CF, (carbon tetrafluoride).
a.  Draw the valence shell representation of each.

b.  Predict the value of the XY X bond angle, and explain your reasoning.

6. Draw an example of a bent molecule with a bond angle of near 109.5°; then draw a different bent
molecule with a bond angle of about 120°.
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14 ChemActivity 1: Bond Angles and Shape

7. Label each atom marked with an arrow with the appropriate shape name, and estimate the bond
angles around it as being close to one of 180°, 120°, 109.5° or 90°. (circled charges indicate the
charge on the molecule or fragment)

H H T
H—(Bl—ﬁ : H—QL(LH H—r_'\je—H H—G0—0—H HgN—H
0 { ) & 4 |

8.  Make a model of each of the following molecules:

:6I:

H—C:C—C:('j
H—B—&: H—N—n G0 o H
e --' | b e H H H H | H
/
H H H\\C/C
H \/H
H | | c_
H——C——C—H
| || i e
H—C——0—H H—C——0—H | | | / \
| H H H
H H H
H

a.  Based on your model, draw a bond-line representation with as many atoms as possible in the
plane of the paper. Use wedge and dash bonds to represent any atoms that do not lie in the
plane of the paper.

b. Indicate each unique bond angle and the shape of each unique central atom.

9. Read the assigned pages in the text, and do the assigned problems.

Using “The Big Picture” & “Common Points of Confusion” Sections
It can be fun to “discover” your own answers as you are asked to do in this workbook, but...

How do you know if your *“discovered” understanding is valid?

The answer is: Even practicing scientists and professors never know for sure that they are correct. In
some ways, deciding if you are right is the hardest part of being a scientist. A practicing scientist cannot
“check the key” to see if her new theory is correct! In this course and in real life you must constantly
test and improve your current understanding by applying it to problems and discussing it with peers.
One goal of this course is to develop the ability to recognize the signs when you are correct; and equally
importantly, recognize the signs when you are missing something critical.

After completing a ChemActivity, one way to start checking your understanding is to read the Big
Picture and Common Points of Confusion sections (examples on the next page). If the homework or
these sections do not make sense to you then you are missing something important. You need to go
back and study the activity, do more problems, read the textbook more closely, or seek help from a
peer, teaching assistant or your instructor. (More advice about how to know if you are “learning the
right thing” can be found in the “To the Student” section the precedes the Table of Contents for this
book, and the Frequently Asked Questions section of the IntroActivity that precedes this chapter.)
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ChemActivity 1: Bond Angles and Shape 15

The Big Picture

After this week you will rarely be asked to report a bond angle or shape. Yet it is critical that you be
able to do both. Doing well in organic chemistry largely depends on your ability to see molecules as
three-dimensional objects. The electrons of most every central atom you will encounter are arranged
109.5° or 120° apart (180° arrangements are quite rare), but it gets complex when you are expected to
see a molecule with multiple central atoms in 3D. The purpose of this activity is to get you started
thinking about tetrahedral and trigonal planar geometries. If you do not already have a model set,
borrow or purchase one. You will need it for the first half of this course while you are “programming”
your brain to see the two-dimensional drawings on the page as 3D objects.

Common Points of Confusion

At the end of each chapter you will find a brief explanation of common student misconceptions. This
section may be useful if a homework problem does not make sense or as final preparation for a quiz.

o  When asked the question, “What is the shape of water?” students sometimes answer “tetrahedral”
because they know that the four electron domains of water spread out into a tetrahedral-type
pattern. However, the answer is “bent” because shape is determined by the location of the atoms.
Similarly, it makes no sense to ask what is the bond angle between the two lone pairs of water—
there should be approximately 109.5° between these lone pairs, but this is difficult to measure.

o Some students mistakenly assume they are expected to predict the EXACT bond angle of a given
molecule. Generally, you are expected to predict only if the bond angle is closest to 180, 120, or
109.5 degrees.
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