Introduction to Chemistry

General, Organic, and Biological v. 1.0


www.princexml.com
Prince - Non-commercial License
This document was created with Prince, a great way of getting web content onto paper.


This is the book Introduction to Chemistry: General, Organic, and Biological (v. 1.0).

This book is licensed under a Creative Commons by-nc-sa 3.0 (http://creativecommons.org/licenses/by-nc-sa/
3.0/) license. See the license for more details, but that basically means you can share this book as long as you
credit the author (but see below), don't make money from it, and do make it available to everyone else under the
same terms.

This book was accessible as of December 29, 2012, and it was downloaded then by Andy Schmitz
(http://lardbucket.org) in an effort to preserve the availability of this book.

Normally, the author and publisher would be credited here. However, the publisher has asked for the customary
Creative Commons attribution to the original publisher, authors, title, and book URI to be removed. Additionally,
per the publisher's request, their name has been removed in some passages. More information is available on this
project's attribution page (http://2012books.lardbucket.org/attribution.html?utm_source=header).

For more information on the source of this book, or why it is available for free, please see the project's home page

(http://2012books.lardbucket.org/). You can browse or download additional books there.

ii


http://creativecommons.org/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://lardbucket.org
http://lardbucket.org
http://2012books.lardbucket.org/attribution.html?utm_source=header
http://2012books.lardbucket.org/
http://2012books.lardbucket.org/

Table of Contents

ADOUL the AULROTS........ooveiiieeiieieeiesestse ettt ettt ssst s s s stsss s st s ns 1
ACKNOWIEAZEMENLS.........coceeerereiiieeietceiiseete ettt et s ssts e ssess s s stsss s sssssens 3
PIrEEACE ..ottt ettt e ssste ettt ss bt e s s tess s sstsssssstssessastssessassssessnsssesessnes 6
Chapter 1: Chemistry, Matter, and Measurement .............cccoceevervrrerevererreerereereseseerenens 9
WHhaAt IS CREMUSLIY? ..vvvvieiecieieieiicesieieietstsesissesstssssas st ssssssssssstssssssassssssssssasasassessssssssssssssssssssasas 10
The ClassifiCation Of MaAtter .......cccueieeevrurueiniriieeieieieisisessssiessissssssssssssssssssassssssssssssssssssssssssssssssssssssssssas 18
Y 2= ] D=3 4 =3 ¢ LN 27
Expressing Numbers: SCIentific NOtAtioN ........ccccceceveverererinisiriniririnsssesesesesesssssssssssssssssssssssssssssssssssesssens 31
Expressing Numbers: SignifiCant FIGUIES .......cevvveuerriririeseurieirisissssssssisissssssssssssssssssssssssssssssssssssssssssns 40
The International SYStem Of UNILS ......cccceveueirereeueueirinirenrsisieisisesssessssissssssssssssssssssssssssssssssssssssssesssssssssns 49
CONVETtING UNIES c.veuvieririiiriiiiiiiiiiiiiiniiininisisisisi sttt sstssesstssssssssesssssssssssssssssssssssssssssssssssssssssssssses 59
ENd-0f-Chapter Material .........ccceeeeevereririninirininisisieieieseiesesssssssssssssssssssssssssssssssssssessssssssssssssssssssssssnes 73
Chapter 2: Elements, Atoms, and the Periodic Table............cccccccevevvrevvvvevereverrennene 79
THE ELEIMENLS ..ottt sttt st s st s st as s s ssassssasssssassssasassssasans 80
ALOINEC THEOTY ..ottt tesseaeae i tse s ssss st ss s s s s s s s s tsts s s ssss st ssasassssssssnsasassssssssssnsasasns 92
TheE SEIUCLUTE Of ALOIMS ..uvvvevererereuereiecessistetetstsis et se e sesess s s s s s s st s ssssstssesssssssesssssesessssssssssnssasasssass 96
INUCIET Of ALOINS o.evvvviiierieieieisisissisiessistsssss s sssstssssssss st ssssasassssssssssasassssssstsssssssssssssssssassssssssssssnsasss 102
ALOINUC MASSES ..veviiviriisiictisiriiiiiinisiistesissssstsstest sttt s s s sss b ssssbs b s bs st s s b s sbssbs b s b sabsassanssssasssnsns 111
ArTangements Of EIECLTONS ....ccuvueuieerseieieieirieeeieieietsessesssetsisssssssesssstsssssssssssstsssssssssssssssssssssssssssssas 114
The PEriodic TADLE ..cvoveveveveieieieieieieiieseeeccsstststsss ettt ssss s s s s s s ssssssssssssssssssssssssssssssssssssssssasasssaes 120
ENd-0f-Chapter Material ........ccccveivieeeveuiieiririiesieisieisssssssssstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssasns 135
Chapter 3: Ionic Bonding and Simple Ionic Compounds.............c.ccceeevererervrrrrerennnen. 140
TWO TYPES Of BONAINEG ...evevererereiriiireeinieisiiesaesessistssassssssstsssassssssessssssssssssssssssssssssssesssssssssssssssssssasas 141
) 6O 145
Formulas for IoNiC COMPOUNAS ....ccevrvrrrrririririrrriririsseseseesssssssssssssssssssssssssssssssssesesesssssssssssssssssssssssssens 155
TONIC NOMENCIALUTE «..uveeereiiiiieieieieseseieseisissessssssssststssssssssssssesesessssssassssssssssssssssssssssssssssssssssssnsasssssans 168
FOPIULA MASS ..cveveeieieiicieiicieicieistcisistesstsis st sstsassssssstssssssts s sssssssssssssssassssssassssassssssassssssassesass 179
ENd-0f-Chapter Material ........coceeveveverereriieeeciesisisietetsissssssssesessssssssssssssssesessssssssssssssssssssssssssnssasasane 188

iii



Chapter 4: Covalent Bonding and Simple Molecular Compounds.......................... 194

COVALENE BOMAS c..ecvuveeiieiaciienciicieisieieieieisteiststassstssasssesss st tssssssssssassasssssssssssassssssassssasssssssssssassssssasans 196
Covalent Compounds: FOrmulas and NAMES .........ccceceuevererereeeeeresssessssssssssssssssssssssssssssssssssssssssssssssns 205
Multiple COVALENE BONAS ..cuvvvvvrerererereieieireesseesisisietstssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssans 214
Characteristics Of COVAlENt BONAS.......ccvuririrrererriririieeisisiniissisisisissssssssssssstsssssssssssssssssssssssssssssssasss 218
CharacteriStics Of MOLECULES ......cccucuiueuiieiiciiciciicieiseeisieeistsisists et ss s sssssssassssasasssass 228
Introduction to Organic CREMUISLIY ........ceveeeeeuerriririnreeieieinieeeieietsietesssiessastsesss s s ssssssssssssssssssasns 237
ENd-0f-Chapter Material .........cccceeeeeveseririririnirieisinieieieieseessssssssssssssssssssssssssssssssssssssssssssssssasssssasans 252
Chapter 5: Introduction to Chemical Reactions............cccecevevurvrevernrrevevenreresenerreenenns 258
The Law 0f CONSErvation Of Matter .........cccveueiririrerersesrinisssssesessissssssssssssssssssssssesssssssssssssssssssssssssssseses 262
ChemiCal EQUALIONS......ccvcvuevieieeeieirieieieesieiesetstssas st tssssssse st ssassssssssssssasassssssssssasssasssssssssasassssssssnes 264
Quantitative Relationships Based on Chemical EQUAtIONS .......cccevevevevererereriieeesssesssssssssiesesssssssesesesens 274
Some Types Of Chemical REACLIONS ......c.eveveueueeeeeeiiirinininisiesesesesesesssssssssssssssssssssssssssssssssssssssssssssasaes 282
Oxidation-Reduction (REAOX) REACLIONS .cueeeveieeeeeeeetieeeeieeeeeeesteseetesesesstsesssesstsssesessssssssasssessssssssssssses 288
Redox Reactions in Organic Chemistry and BioChemistry ........ccceeveuevverunencuninecunincniniciniecirecannee 299
ENd-0f-Chapter Material ........coceuevevevereriirieeeeiesisieietetsisisisseessessssssssssssssssssesssstsssssssssssssssssssssassssasans 305
Chapter 6: Quantities in Chemical Reactions............cccceeevveveverreeverennevenennreseseerseenns 308
TRE MOLE .ttt s s s sttt st st sttt s s ssssssssssas s s s s sssssssssssssssssssssssssssssssnsnsasasasssnes 310
ALOMIC ANA MOIAT MASSES ..uveeveruiierueiieieiiaessissesstssstssassstsssssssssstsssssssasssssssssssssssssssssssssssssssssssssssssssess 317
MOLE-MASS COMNVEISIONS c..uvvuvuvreiacriaiaesicsssiscssissssstssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssass 322
Mole-Mole Relationships in Chemical REACLIONS........c.ceveeuereeeereeriiinirisisisisisieisesesessssssssssssssssssssns 329
Mole-Mass and Mass-Mass PrODIEIMS .......ccccvvvereriririririnieinieieiesisiieissesssssssssssssssssssssssssssssssssssssssssssasasasaes 334
ENd-0f-Chapter Material ........cccvevrieeeieurieiriiieisieisisiisssisisisssssssssessssssssssssssssstsssssssssssssssssssssssssssssasas 344
Chapter 7: Energy and Chemical Processes.............cccocevveurreevereneveevsreeseessessssesssenns 347
ENETZY ANA IES UNILS «.uurueriiiceneieieisieeeaeieseistsssesesststsssssssssesssssasssssssssssssassssessssssasasssssssssssssssesssnes 350
5 (S 356
Phase CHANGES ...c.covvvveiriririeiririeieieieieicicseesssssssstssssstststs st ssssssss s s s s s s sssssssssssssssssssssssssssssssssssssssssaes 363
Bond Energies and Chemical REACHIONS .....c.c.evvvevevururieieirireeieieisisissasssssistssssssssssssssssssssssssssssssssssssseses 370
The Energy of Biochemical REACLIONS ......c.cueveueiierurueieieiieeieieieisiseeessssssisessssssssssssssssssssssssssssssssesns 376
ENd-0f-Chapter Material ........ccccceeeeveseriririninieisisisieieieieesesssssssssssssssssssssssssssssssssssssessssssssssasssssssans 380
Chapter 8: Solids, Liquids, and Gases ............cccecveveverreerirreerenirreesinrsesensssesessessssssssns 384
INtermolecular INtETACtIONS .....cveveveuereueueeeeririirisinietetetsieieiesese e ssssssssssssssssssssssssssssssssssssssssasssssssnes 386
SOLIAS ANA LIGUIAS 1vvurvrveveiiirrieieieiieeeseseietsisssssssesstssssssssssssstsssasssssssssssssssssssessssssssssssssssssssssssssssssssnes 396
GASES ANA PIESSUIE.....cueueueriiinreseseieiissassssetststssssssssssstsssassssssssssssssssssssssssssesssstsssssssssssssssssssesssssnes 402
L TN 5 £ 407
ENd-0f-Chapter MAterial ........cccveivieieveurieiririieeieisirisissssssseisssssssssessssssssssssssssssssssssssssssssssssssssssssssssns 427

iv



Chapter 9: SOIULIONS .......c.cccvveeieeircctectsetse sttt et st s s st st s s sssss st sssssans 431

SOLULIONS «eveivereriaiaeiiacueiieietsteieteaetsts et ssts st s st s s st s ss s s sb s s sas e sssassssasassssassssasassssassssssassnas 433
(0003 4 Tol=) 4L = (o) O 440
The DiSSOIULION PrOCESS....cucucueueuririeeacaeirenireeeeseseisitessssssssastsesssasssssasessssssasssantsssssssssstssssssssssssssasas 463
PrOPErties Of SOIULIONS ...covvueueueveiririiereisieisiississeisistsssssssssstsssassssssetsssssssssessssssssssssessssssssssssssessssssasas 469
ENd-0f-Chapter Material ........ccceeirieeeurieiriierieieieisiissieisieisissssssesstssssssssssssssssssasssssssssssassssssssssssasas 482
Chapter 10: ACids and Bases.............cccceveerrirreerinrienesisssssissssssssssssssssssssssssssssssssssssns 486
Arrhenius Definition of ACIdS and BaSes .........ceeueeeeveueueiririnineeieirininineeeisisisesesssssssssssesssssssesssssssssssseses 488
Brensted-Lowry Definition of ACids and Bases........ccceeveuriririririrerrereresesessssssssssssssssssissssssssssssssesessssaens 498
Water: Both an Acid and @ BaSe .......c.ceceuveeueueeurineeinieieiicieisesisiseiesseessssassstsssssssssssssssssssssssssssssssases 507
The Strengths of ACIdSs And BaSES........ccoeeurueirirervrurieirinineissieseisisssssiesssstsssssssssssssssssssssssssssssssssssssssssssssns 512
BUTTET'S .ttt ettt sttt sttt s bt s s s seanen 522
ENd-of-Chapter Material .........ccccceeeveveserininininirinisisieieieieeesssssssssssssssssssssstsssssssssssssssssssssssssasssasssssans 530
Chapter 11: Nuclear Chemistry ...........cccccevvveeveriereieniniereinineesinieeesissessssssesessssssesssnes 534
RAGIOACHIVILY cvvvuveruruereriiieseieseieissseasissesstsssssssesstsssssassssetssssssassssssssssssasssssssssssssassssesssssasassssssssssssssssssess 538
HAlf-LIE.ouvieieciiciiiciiccisicicitcitc ittt sttt st st sttt s s ssasssssssassas 546
UNitS Of RAGIOACEIVILY weuvueverireueirieirieeeieieieiteeessasts sttt seas st es s s tss s s s s s ssasassssssnsnen 552
USES Of RAAIOACTIVE ISOLOPES ..vuvvrvrrruerrnrriinirinirisisissesesesesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 559
NUCLEAT ENEIEY w.vuuuieriiiiinirieieseiesesssessaeesssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssesssssssessssssssnsssssses 567
ENd-0f-Chapter Material ........ccceeveieeeeeurieiriieeieieieieieeseieietissssssetststsssas et sstssssasssssssssssasassssessssasas 575
Chapter 12: Organic Chemistry: Alkanes and Halogenated Hydrocarbons.......... 580
OFZANIC CREIMISEIY ..ottt sttt ettt ss s st e s s s sessnen 582
Structures and Names of AIKANES ........cccvvveueureeurineueinieieineeisieieiseeisiseaesstssssssssstssasssessssssassssssssssssans 587
Branched-Chain ALKANES .........cccueceurieurinecinieeieicisiscsisiesistse st tseaesstsas s sstsssssssssssssssssssssassssassnes 592
Condensed Structural and Line-Angle FOrmulas.........cceeeverurincuninecrninceinicininiciniscssiniesniscssseseans 598
TUPAC NOMENCIALUTE ...ttt ettt s s s s snanen 601
Physical Properties Of AIKANES .........cocevvuerriririnisesinieirisississieisisssssssssesssstssssssssssstsssssssssssssssssssssssssssssssas 613
Chemical Properties Of ALKANES........c.cevveeveeuriririninessieieisisisseieisssssssasssssssssssss s sssssssssssssssssssssssssssess 619
Halogenated HYArOCArDOMS .......cccceueueueiinrrurieininieesisieisistsssaesesstsssssassssesssssssssssssssssssasassssssssssasasssseses 622
CYCLOALKANES ..ottt sttt s s aen 630
ENd-0f-Chapter MAterial ........cccveurieeeieurieiririissieisisisssssssssstsssssssssessssssssssssssssssssssssssssssssssssssssssssssasns 636



Chapter 13: Unsaturated and Aromatic Hydrocarbons............cccccceeuevrrevervrrrreennnnen. 643

Alkenes: Structures and NAIMES ........cc.cveeueueeurireerriseieiniessiseiessissssssesssstssssssssssasssssssssssssssssssssssssssssssssases 644
Cis-Trans ISOMETs (GEOMELTIC ISOMIETS)....cucvuvrurrrerrriraririsssisissssssasssssssssssssssssssssssssssssssssssssssssssssssassess 655
Physical Properties 0f AIKENES ........cocoeeueurieirencceirieireeeeeiee ettt saneens 663
Chemical Properties Of ALKENES........ccvrivevevrereirinisissieisisisssssssisissssssssssssssssssssssssssssssssssssssssssssssssssssess 666
POLYINIETS w.cvovivereieriririeiiiseisieietstsssasisis s tsssss s s s s st s s s s s bt ssasassesssssasasassssssssssasasssssssssssasassssessssssassssesss 671
ALKYTIES .ttt ettt st sttt s sttt sttt sttt s s s aen 676
Aromatic COMPOUNAS: BENZENE.......cuvvererereeeeeeirisinssisisisissssesssssessssssssssssssssssssssssssssssssssssssssssssssssnssasns 679
Structure and Nomenclature of Aromatic COMPOUNS .......ccovrurrerriririnrsrerrinisisssssssssisssssssssssesssssssssaens 683
ENd-0f-Chapter Material ........ccceeirieeeurieiriierieieieisiissieisieisissssssesstssssssssssssssssssasssssssssssassssssssssssasas 699
Chapter 14: Organic Compounds of OXYZeN .........cccevevrvrreeeerrreeeesrseressssessssssesesns 705
Organic Compounds with FUNCEIONAl GLOUPS ....cuvviereueerieiireeieietrieeeeeieisteseeeseaeasesssssssesseseaens 706
Alcohols: Nomenclature and ClassifiCation.........ceeeueveueueeeesesssesisinisininisisiesesesesssssssssssssssssssssssssssssnes 709
Physical Properties 0f AICONOLS ........occevvuevriririnieeinieirisissisieisisisssssessistssssssssssstssssssssssessssssssssssssssssas 719
Reactions That FOrm ALCONOIS ......cccvueeuiiuriniitriicisieciicsiccicitsee ettt ssessssassases 723
REACLIONS Of AICONOLS......eeeeeeeeeieiieeeeieiet ettt sttt s st saeas 729
GLYCOLS AN GLYCETOL .ttt sttt s s s s s ssssssssststssssssssssssssessssasasasanaes 739
PRIEIIOLS ..ttt 744
EERETES oottt s s s sttt 749
Aldehydes and Ketones: Structure and NAMES .........ccccceueueeeereeeueunininesesesessasisessssssesesstssssssssssssssssssssses 756
Properties of Aldehydes and KELONES .........cvveveverueeeeeserisiniiririeisisieieeseseissssssssssssssssssssssssssssssssssesens 767
Organic SUlfUr COMPOUNS ......ovovvurrrrriririrrieieisisisssisssistsssssassssstssssssssssssssssssssssesssssssasassessssssssassssesess 777
ENd-0f-Chapter Material .......cccceeveieeeeeurieiriieeirieisieieeseieietisssssietststsssss st sstssssassssssstsssasasssssssssanas 780

vi



Chapter 15: Organic Acids and Bases and Some of Their Derivatives................... 789

Functional Groups of the Carboxylic Acids and Their Derivatives........cccceeeeeverrerruriresrseersunsrrsessenes 790
Carboxylic Acids: Structures and NAMES........ccccueureeerrseereuririninreeseieisissssssssssissssssssssssssssssssssesssssssssasns 796
The Formation of CarboXyliC ACIAS ......cccoeueurururerereeueiririniceeeieistseee et eess e asasessssssanens 805
Physical Properties of CarboXylic ACIAS ....ccvvrvririrverrrriririissisisisisissssssssisisssssssssssssssssssssssssssssssssssseses 808
Chemical Properties of Carboxylic Acids: Ionization and Neutralization..........c.cceceeeuveerrevcueurecuncnce. 812
ESters: StruCtUres and NAIMES .......ccceueueurerreueueinininenesieseietsisssassessssssssssssssssssssssssssssssssssasssssssssssasssssssses 819
Physical Properties Of ESTEIS .......cceeeeveeueururereneeueirietneeeessisasieessssessestessssssastsessssssssssssssasassssssssseaeas 827
Preparation Of ESTETS ......evuvererriririeeessieisisssssssssessissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 830
HYATOLYSIS Of ESLETS w.uvviieruraririririiesiesninisissssssessissssssssssssstsssasssssssssssssssssssssssssssssssssssssssssssssessssssasas 834
ESters Of PROSPROTIC ACIA....cucieuiieierireieieieieseisiisisistetetsssssssssssssssssssssssssssssssessssssssssssssssssssssssnsssassssans 839
AMINes: StrUCtUIes and NAIMES......ccceueueueeeeueueiriririreeseseasistseseeessastsesesssssassssstssssssssssssssasssassssssssssssans 842
Physical Properties Of AIMINES .........ccocvevvuerriririnnsesinieisisississssessissssssssssssstssssssssssssssssssssssssessssssssssssssssssssas 855
ATNINES @S BASES..uvrviirriirriiirisiiiniiinicsisisisissiissesissesssssssessestssessssessssssssssssestsssssssssssnssssssssesssnssssnssssnsssens 860
Amides: SErUCtUres And NAIMES.........cceveeurueururirireeneieieisisessssssessistsssssssessastssssssssssssssssssssssesssssssssssssssssssas 867
Physical Properties 0f AMIAES .........cceceeeueururirenecueirieireeeeeeisieeee et et eses e ss s ssaseaeas 873
FOrmMation Of AIIAES «....c.ceeueueeueurineueirieirieieirieieiseeieisessstssssises s tssssstss s sseasssssassstsssssssssssssssssassssssassess 876
Chemical Properties of Amides: HYdroLySsis .......c.cceeuverveuerririnirnsunieirinissssisssisssssssssssssssssssssssssssssssns 878
ENd-0f-Chapter Material ........coceeueveiereririieeeeiesisieieteisisssssssssss s s sssssssssssssssssssssssssssssssssssssssssssnssassane 883
Chapter 16: Carbohydrates .............cccceevevevieirieiniriieiriseesisseestssessess st ssssess e ssaes 890
CATDONYATALES ..ttt ettt sttt sttt st bbb s s s s s s s sststsssssssssssssssssssssssaes 894
Classes Of MONOSACCHATIAES ......cvuurueuiiieiricieiseieirieieiseeisiee ettt sstsssase s ss s sssssssasssssassssas 899
IMPOITANt HEXOSES ..civuiiiiiiiiiiiiiiiiiiiiiiniiiiiininiiiiiieisssiisiessieisssssisissssssessssssssssssssssssssesssssssssssssssssssnses 913
Cyclic Structures of MONOSACCHATIAES .......coveueurvririieeieieiriieeeeteie et ssess s ssasaesaeas 920
Properties Of MONOSACCRATIAES ....ccvvvvrvrrririririeiririririeieieieessesssssssssstststssssssssssssesessssssssssasssssssssssssssssens 926
DiSACCRATIAES c.vvveeeieeiiiieci ettt sttt st sassseassssssassnsass 930
POIYSACCRATIAES ...ttt sttt st s s st s s s s sssasasanas 942
ENd-0f-Chapter Material ........coceueuevevereiriieeieicsisieieteisisisissssessesssssssssssssssssssssssssssssssssssssssssssssassasasans 949
Chapter 17: LIPIAS .....ccccceveieeiririeeieieeeistseetessissetssssssessssssstssesssssssssssssssesssssssssssssssss 957
FALLY ACIAS wvveveueeneiininininistststesesesesesessssssssssssssssstststesessssssssssssssasssssassssssssssessssssssssssssssssssssnsssssssnss 960
FALS QN0 O1lS..ueiiiieiiiieieieieiieiicieeie sttt sttt sttt ts st ssssssssassssasasssans 968
Membranes and Membrane LIPIdS ........cceeeeeeuerereirenrsesuninisiessssssessissssssssesssstsssssssssssssssssssssssssssssssssssens 979
SEEIONAS w.evevvverriecaraeaeeetriisesaeie sttt as st s st s st as b s s s s st e s s s ssse sttt s ssasssstnsasasasssssrsnsasassas 992
ENd-0f-Chapter Material .........cccvveeveeieseririnirinirinininieieseseesissssssssssssssssssssssssssssssssssssssssssssssasssasasasans 1003

vii



Chapter 18: Amino Acids, Proteins, and ENzymes.............ccceceveervrrerevererrereseneerenenes 1009

Properties Of AIMIN0 ACIAS ...ccccvueurirerieieirinisessieiessisisssssssesstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssas 1012
REACtIONS Of AMINO ACIAS ..uuuverrieiireieieirieieeeieieistees ettt sss s tsss s e s sstssasassssssssssasasas 1022
PEPLIAES c.uvvveveveiereeeetrtststete sttt s s s s st sttt st st s bt ssssssssesssessas s s s s st sttt et et ebeseaesesesessasasasanasanaes 1027
g 013 o TN 1031
53 012 4 4 LT SOOI 1044
151474 ¢ LNl 1 1o DO 1049
ENZYME ACHIVILY weovriiiiiiiiiiiniiiiiscsiinitctctcssctcsctcicstsst sttt sttt st s s e sassaessesssssesssssessssssssens 1056
ENZYME INNIDIION. c.cuvtriiiieieieieieieieieieeeeeectstsststste et ss s s s sssssssssssssssssssssssssssssssssssnsasaes 1061
Enzyme Cofactors and VIEAMINS.........cccceueveueirirriereseieisiessssisisissssssssessssssssssssssssssssssssssssssssssssssssssssssas 1069
ENd-0f-Chapter Material ........coceeuevevereriieieeesiesisietetessisssssssssssssssssssssssssssssssssssssssssssssssssssasasasasaes 1075
Chapter 19: NUCLEiC ACIAS........ceeevrreeieirieeirieeesiets ettt se st e st s sssse s e sssenes 1083
NUCLEOTIAES ..ottt et sttt netaeas 1085
NUCLEIC ACIA SELUCLULE....eeeeeiiieiicc ettt ssens 1095
Replication and Expression of Genetic INformation ...........cceeeeeueeveuruneeusinecsnencsinesesniscsssessssssessnens 1105
Protein Synthesis and the GeNetic COde.........ommmrrurnininrnreeininireeeeeieisteeee ettt asssssseens 1114
Mutations and GENELIC DISEASES ...cccueueururerecucueurrririreeaeuessieeseseeessseasesesesssssessastsssssssessssssesssassssssssssacas 1121
VITUSES .cuviuiiiiiniiiisiniissiiissessississnsssesesssssesssssesssssssssssssss b s s st st s s s s s sasssssbesassbssbssbssbssbsebssbssbsbssssbsssssessans 1132
ENd-0f-Chapter Material ........cceeveieeurueiririeeeieieieieeeeisisistsssisie st ssssasse s sstsss s s sssssssassssssssssasasas 1139
Chapter 20: Energy MetaboliSm............ccccoevvreeririeenenesneieisisesesissssssssssssessssssssesens 1146
ATP—the Universal ENergy CUITEICY .......ccoceeveueururirireseeueaeinisesessssssssasessssssssssssssssssssssssssssssssssssssssssssass 1150
Stage I Of CAtabOLiSIN ....cveveveuevereieeerreiiirisistetetetesesesesss s e sssssssssssssssstssssssssesssessssssssssassasasssssssssns 1155
Overview of Stage I1 of CatabOliSIM.....c.c.cuvveieeeerereiriiieeirieieiesseetets s tssssss st tsssssas st ssssnas 1166
Stage II1 Of CAtabDOLISIN ......ovvrueuereieiireeieieirieeeieietetseessaese s tesss s ss st s s s s ssssssasassssssssssnsassssessssnes 1168
Stage II of Carbohydrate CataboliSm.......ccccceurueeeereurueeriririeeeieiirieeeieetseeee et tsesss s sesees 1183
Stage I1 Of Lipid CatabOoliSI ...c.cccceereeeiririririririeieieiereicsiseieessestststssssssssssssesesesssssssssssssssssssssssssssssssssses 1195
Stage I1 Of Protein CatabOliSI ..........eevveeueuriririnrerinieisisissssseisistssssssssssssssssssssssssssssssssssssssssssssssssssess 1205
ENd-0f-Chapter Material ........cceeveieeurieiririeeeieieisieeesieietsieeeieie st essas st sstsss s s sssssasasassssssssnsasas 1212
Appendix: Periodic Table of the Elements...............ccocovevevevenenrrrrrereeeseesennrennererennes 1219

viii



About the Authors

David W. Ball

Dr. Ball is a professor of chemistry at Cleveland State
University in Ohio. He earned his PhD from Rice
University in Houston, Texas. His specialty is physical
chemistry, which he teaches at the undergraduate and
graduate levels. About 50% of his teaching is in general
chemistry: chemistry for nonscience majors, GOB, and
general chemistry for science and engineering majors.
In addition to this text, he is the author of a math
review book for general chemistry students, a physical
chemistry textbook with accompanying student and instructor solutions manuals,
and two books on spectroscopy (published by SPIE Press). He is coauthor of a
general chemistry textbook (with Dan Reger and Scott Goode), whose third edition
was published in January 2009. His publication list has over 180 items, roughly
evenly distributed between research papers and articles of educational interest.

John W. Hill

Dr. Hill is professor emeritus from the University of
Wisconsin-River Falls. He earned his PhD from the
University of Arkansas. As an organic chemist, he has
more than 50 publications in refereed journals, most of
which have an educational bent. He has authored or
coauthored several introductory level chemistry
textbooks, all of which have gone into multiple editions.
He has also presented over 60 papers at national
conferences, many relating to science education. He has
received several awards for outstanding teaching and
has long been active in the American Chemical
Society—both locally and nationally.




About the Authors

Rhonda J. Scott

Dr. Scott is a professor of chemistry at Southern
Adventist University in Collegedale, Tennessee. She
earned her PhD from the University of California at
Riverside and has a background in enzyme and peptide
chemistry. Previous to Southern Adventist, she taught
at Loma Linda University and the University of
Wisconsin-River Falls. In the past 10 years, she has
made several presentations at national American
Chemical Society meetings and other workshops and
conferences. She has also been very active in the
development of teaching materials, having reviewed or
contributed to other textbooks and test banks.




Acknowledgements

How this book found its publisher is an unusual story. One of the authors was
meeting with a sales representative of another publishing company. In the course of
that conversation, it was discovered that these two people had a mutual friend—a
person who had encouraged the author to publish his first academic book about a
dozen years back when this friend was working for another publisher. The sales
representative passed along to the mutual friend that they (the author and the sales
rep) had met. That resulted in an e-mail reunion between the author and his old
friend, who let it be known that she now works for a textbook publishing company
called Unnamed Publisher. “Gee, would the company be interested in a one-
semester general, organic, and biochemistry text?” was the flippant response.
Wrong—or right, depending on your perspective—comment to make! Within an
hour (no joke), the editorial director of the company was on the phone with the
author, discussing the project and its possibilities. That talk lead to a discussion
between all the authors on the team, a visit by the editorial director to the first
author’s hometown, and the subsequent signing of a contract for the book to be
published by Unnamed Publisher. So the initial thanks must go to Jen Welchans of
Unnamed Publisher for being the right person at the right place and the right time.
You never know when old friends will meet again and make good things happen.
Thanks, Jen.

Thanks to Michael Boezi, the editorial director of Unnamed Publisher, who always
gave enthusiastic support to this project (and still does). Thanks also to Jenn Yee,
project manager, who deftly dealt with 3 authors, 20 chapters, multiple reviews,
production issues, illustrations, and photos—and seemed to keep it all straight.
Kudos to the technology team at Unnamed Publisher, who had the ultimate job of
getting this book out: Brian Brennan, David Link, Christopher Loncar, Jessica Carey,
Jon Gottfried, Jon Williams, Katie Damo, Keith Avery, Mike Shnaydman, Po Ki Chui,
and Ryan Lowe. We would also like to thank the production team at Scribe, Inc.,
including Stacy Claxton, Chrissy Chimi, Melissa Tarrao, and Kevin McDermott. This
book would not exist without these people.

This project has benefited tremendously from the feedback of reviewers at several
stages in its development. We thank the following people for their input:

David Bailey, Emporia State University

Michael Bissell, Ohio State University

Stephen Milczanowski, Florida State College at Jacksonville
Pamela Strong, Quincy College


http://2012books.lardbucket.org/attribution.html?utm_source=inline
http://2012books.lardbucket.org/attribution.html?utm_source=inline
http://2012books.lardbucket.org/attribution.html?utm_source=inline
http://2012books.lardbucket.org/attribution.html?utm_source=inline
http://2012books.lardbucket.org/attribution.html?utm_source=inline

Acknowledgements

+ Susan Cordova, Central New Mexico Community College

« Ilene Diamond, Central New Mexico Community College

+ Margaret Kimble, Indiana University-Purdue University at Fort Wayne
+ Chris Massone, Molloy College

« P.]J.Ball, Northern Kentucky University

« Booker Juma, Fayetteville State University

+ Elizabeth Ferguson, University of Kentucky

+ Brad Sieve, Northern Kentucky University

+ Deborah Heyl-Clegg, Eastern Michigan University

+ Karen Ericson, Indiana University-Purdue University at Fort Wayne
+ Maria Vogt, Bloomfield College

« Ellafe Cockroft, Miami Dade College

+ Rebecca Barlag, Ohio University

+ Bidisha Bose-Basu, Fayetteville State University

+ Ken Johnson, Husson University

¢ E.]J. Behrman, Ohio State University

¢ Julie Larson, Bemidji State University

+ Kenneth French, Blinn College

+ Grace Lasker, Lake Washington Technical College

Thanks especially to ANSR Source, who performed accuracy checks on various parts
of the text. Should any inaccuracies remain, they are the responsibility of the
authors. We hope that readers will let us know if they find any; one of the beauties
of the Flat World process is the ability to update the textbook quickly, so that it will
be an even better book tomorrow.

On a more personal level: RJS would like to thank her colleagues at Southern
Adventist University and her family and friends for their help and encouragement
during her work on this book. She is especially indebted to her sons, Michael and
Chris, for their patience and encouragement. JWH owes a special thanks to his
wonderful spouse, Ina, for doing so many things that allow him time to concentrate
on writing. Most of all, he is grateful for her boundless patience, unflagging
support, understanding, and enduring love. He is also grateful to his beloved
daughter, Cindy, for her help with the house and the yard and so many other
things. DWB thanks his wife, Gail, for things too numerous to mention but in
particular the constant support of and appreciation for the vagaries of an academic
life and for being the single parent on those nights when professional obligations
keep him out later than normal. Thanks also to his sons, Stuart and Casey—the
proverbial causes of gray hair—for being two of the (many) things worth living and
writing for.

DWB



Acknowledgements

JWH

RJS

February 2011



Preface

When a new entry-level textbook in chemistry comes out, the obvious first question
is “Why?” Why write another book when there are other texts available?

Actually, we had two main reasons. First, of all the textbooks that are available for a
one-semester general chemistry, organic chemistry, and biochemistry (GOB) course,
virtually all are single-author textbooks. Why this one stands out—and, we would
argue, why this textbook might be preferable—is that the author team is composed
of chemistry faculty who specialize in the G part, the O part, and the B part. One of
us (DWB) is a physical chemist who spends a lot of time in the general chemistry
sequence, whether for nonscience majors, health profession majors, or science and
engineering majors. Another author (JWH) is an organic chemist by training and an
experienced textbook author, while the third author (R]S) is a biochemistry
professor and also a successful textbook author. All three authors are experienced,
successful teachers. Thus, right from the start, this author team brings the
appropriate experience and expertise that can combine to write a superior textbook
for this market.

The second reason was the opportunity presented by the unique publishing
strategy of Unnamed Publisher. The entire author team is excited about the
potential for online presentation of content in this Internet age. In addition to
having the content online, print copies of the textbook are readily available, as are
individual chapters, vocabulary cards, exercise solutions, and other products. The
easy availability of these items maximizes the ability of students to customize their
personal tools, increasing their chances for success in a one-semester chemistry
course.

This textbook is intended for the one-semester GOB course. Although a two-
semester GOB sequence is available at many colleges and universities, one-semester
GOB offerings are increasing in popularity. The need to cover so many topics in one
semester or quarter places additional pressure on the tools used to teach the
course, and the authors feel that a textbook developed explicitly for the one-
semester course will provide students with a superior educational experience. Many
one-semester GOB courses employ either a rewritten, watered-down two-semester
textbook or a bona fide two-semester textbook with cherry-picked topics. In the
opinion of this author team, neither choice provides students with the best learning
experience. This textbook does not have a two-semester counterpart. It was
developed specifically for the one-semester GOB course. As such, the chapters are
short and succinct, covering the fundamental material and leaving out the
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extraneous. We recognize that students taking this particular course are likely
interested in health professions, such as nursing, occupational therapy, physical
therapy, physician assistance, and the like. As such, we have focused certain
examples and textbook features on these areas so students realize from the
beginning how these basic chemistry topics apply to their career choice.

This textbook is divided into approximately one-half general chemistry topics, one-
fourth organic chemistry topics, and one-fourth biochemistry topics. We feel that
these fractions provide the appropriate mix of chemistry topics for most students’
needs. The presentation is standard: there is no attempt to integrate organic and
biological chemistry throughout a general chemistry textbook, although there is an
early introduction to organic chemistry so that carbon-containing compounds can
be included as soon as possible. The first chapter stands out a bit for covering a
relatively large amount of material, but that is necessary. There is a certain skill set
that students must have to be successful in any GOB course, and rather than
relegate these skills to an appendix that is too often overlooked, the first chapter
covers them explicitly. Some of these topics can be omitted at the instructor’s
discretion.

The G part of the textbook then continues into atoms and molecules, chemical
reactions, simple stoichiometry, energy, the phases of matter, solutions, and acids
and bases (including a short treatment of equilibrium) and then ends with nuclear
chemistry. The O part of the textbook starts with hydrocarbons and quickly covers
aromatic compounds and the basic functional groups, focusing on those functional
groups that have specific applications in biochemistry. The B part starts by
immediately applying the organic knowledge to carbohydrates and other
biologically important compounds. This section ends with a chapter on metabolism,
which is, after all, the ultimate goal for a textbook like this—a discussion of the
chemistry of life.

Each chapter is filled with example problems that illustrate the concepts at hand. In
the mathematical exercises, a consistent style of problem solving has been used. We
understand that there may be more than one way to solve a mathematical problem,
but having a consistent problem-solving style increases the chance for student
comprehension. Particular emphasis is placed on the units of quantities and how
they have to work out appropriately in algebraic treatments. For each example
problem, there is a Skill-Building Exercise immediately following that will help
students practice the very same concept but without an elaborate answer worked
out.

Every section of each chapter starts with one or more Learning Objectives that
preview the section. These Learning Objectives are echoed at the end of each
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section with Key Takeaways as well as Concept Review Exercises that ask about the
main ideas of the section. Sections then end with a set of exercises that students can
use to immediately put the knowledge of that section into practice. Most of the
exercises are paired, so that students can work two similar exercises for additional
practice. Finally, Additional Exercises at the end of each chapter ask more
challenging questions, bring multiple concepts together into a single exercise, or
extend the chapter concepts to broader perspectives. The complete exercise
portfolio of the textbook—Skill-Building Exercises, Concept Review Exercises, end-
of-section exercises, and Additional Exercises—provides multiple opportunities for
students to practice the content.

Other features in the textbook include Looking Closer, a chance to expand on a
topic more than a typical textbook would. We have selected topics that are relevant
and should appeal to students at this level. There are essays titled To Your Health
that focus on how some of the topics relate directly to health issues—the focus of
most of the students in this course. Do students realize that the simple act of
breathing, something most of us do without thinking, is a gas law in action? Most
chapters also have a Career Focus that presents an occupation related to the health
professions. Students at this level may not know exactly what they want to do in
the health professions, so having these essays gives some information about the
career possibilities awaiting them.

These features are kept to a minimum, however; this is a one-semester textbook
covering general chemistry, organic chemistry, and biochemistry. We recognize
that users appreciate features like this, but we also recognize the need to focus on
the core chemistry content. We hope we have reached an appropriate balance with
the amount of additional features.

We hope that this textbook meets your and your students’ goals.

David W. Ball

John W. Hill

Rhonda]. Scott

February 2011



Chapter 1

Chemistry, Matter, and Measurement

Opening Essay

In April 2003, the US Pharmacopeia, a national organization that establishes quality standards for medications,
reported a case in which a physician ordered “morphine [a powerful painkiller] 2-3 mg IV [intravenously] every
2-3 hours for pain.” A nurse misread the dose as “23 mg” and thus administered approximately 10 times the
proper amount to an 8-year-old boy with a broken leg. The boy stopped breathing but was successfully
resuscitated and left the hospital three days later.

Quantities and measurements are as important in our everyday lives as they are in medicine. The posted speed
limits on roads and highways, such as 55 miles per hour (mph), are quantities we might encounter all the time.
Both parts of a quantity, the amount (55) and the unit (mph), must be properly communicated to prevent
potential problems. In chemistry, as in any technical endeavor, the proper expression of quantities is a
necessary fundamental skill. As we begin our journey into chemistry, we will learn this skill so that errors—from
homework mistakes to traffic tickets to more serious consequences—can be avoided.

The study of chemistry will open your eyes to a fascinating world. Chemical
processes are continuously at work all around us. They happen as you cook and eat
food, strike a match, shampoo your hair, and even read this page. Chemistry is
called the central science because a knowledge of chemical principles is essential
for other sciences. You might be surprised at the extent to which chemistry
pervades your life.



Chapter 1 Chemistry, Matter, and Measurement

1.1 What Is Chemistry?

1. The study of matter.

2. Anything that has mass and
takes up space.

3. The process by which we learn
about the natural universe by
observing, testing, and then
generating models that explain
our observations.

LEARNING OBJECTIVES

1. Define chemistry in relation to other sciences.
2. Identify the general steps in the scientific method.

Chemistry' is the study of matter—what it consists of, what its properties are, and
how it changes. Being able to describe the ingredients in a cake and how they
change when the cake is baked is called chemistry. Matter” is anything that has
mass and takes up space—that is, anything that is physically real. Some things are
easily identified as matter—this book, for example. Others are not so obvious.
Because we move so easily through air, we sometimes forget that it, too, is matter.

Chemistry is one branch of science. Science’ is the process by which we learn about
the natural universe by observing, testing, and then generating models that explain
our observations. Because the physical universe is so vast, there are many different
branches of science (Figure 1.1 "The Relationships between Some of the Major
Branches of Science"). Thus, chemistry is the study of matter, biology is the study of
living things, and geology is the study of rocks and the earth. Mathematics is the
language of science, and we will use it to communicate some of the ideas of
chemistry.

Although we divide science into different fields, there is much overlap among them.
For example, some biologists and chemists work in both fields so much that their
work is called biochemistry. Similarly, geology and chemistry overlap in the field
called geochemistry. Figure 1.1 "The Relationships between Some of the Major
Branches of Science" shows how many of the individual fields of science are related.

10



Chapter 1 Chemistry, Matter, and Measurement

1.1 What Is Chemistry?

Figure 1.1 The Relationships between Some of the Major Branches of Science
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Chemistry lies more or less in the middle, which emphasizes its importance to many branches of science.
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Note

There are many other fields of science, in addition to the ones (biology,
medicine, etc.) listed here.
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Chapter 1 Chemistry, Matter, and Measurement

1.1 What Is Chemistry?

Looking Closer: Alchemy

As our understanding of the universe has changed over time, so has the
practice of science. Chemistry in its modern form, based on principles that we
consider valid today, was developed in the 1600s and 1700s. Before that, the
study of matter was known as alchemy and was practiced mainly in China,
Arabia, Egypt, and Europe.

Alchemy was a somewhat mystical and secretive approach to learning how to
manipulate matter. Practitioners, called alchemists, thought that all matter was
composed of different proportions of the four basic elements—fire, water,
earth, and air—and believed that if you changed the relative proportions of
these elements in a substance, you could change the substance. The long-
standing attempts to “transmute” common metals into gold represented one
goal of alchemy. Alchemy’s other major goal was to synthesize the
philosopher’s stone, a material that could impart long life—even immortality.
Alchemists used symbols to represent substances, some of which are shown in
the accompanying figure. This was not done to better communicate ideas, as
chemists do today, but to maintain the secrecy of alchemical knowledge,
keeping others from sharing in it.

rYol&
R T O m
X B WX

Alchemists used symbols like
these to represent substances.

© Thinkstock

In spite of this secrecy, in its time alchemy was respected as a serious, scholarly
endeavor. Isaac Newton, the great mathematician and physicist, was also an
alchemist.

12



Chapter 1 Chemistry, Matter, and Measurement

EXAMPLE 1

Which fields of study are branches of science? Explain.

1. sculpture
2. astronomy

Solution

1. Sculpture is not considered a science because it is not a study of some
aspect of the natural universe.

2. Astronomy is the study of stars and planets, which are part of the
natural universe. Astronomy is therefore a field of science.

SKILL-BUILDING EXERCISE

Which fields of study are branches of science?

1. politics
2. physiology (the study of the function of an animal’s or a plant’s body)
3. geophysics

4. agriculture

How do scientists work? Generally, they follow a process called the scientific
method. The scientific method® is an organized procedure for learning answers to
questions. To find the answer to a question (for example, “Why do birds fly toward
Earth’s equator during the cold months?”), a scientist goes through the following
steps, which are also illustrated in Figure 1.2 "The General Steps of the Scientific
Method":

4. An organized procedure for
learning answers to questions.

1.1 What Is Chemistry? 13



Chapter 1 Chemistry, Matter, and Measurement

5. A testable idea.
6. A general statement that

describes a large set of
observations and data.

1.1 What Is Chemistry?

Figure 1.2 The General Steps of the Scientific Method

“Birds fly south during the winter

Propose a because they can't stand the cold”

hypothesis

Test the Supject birc.Is to cold and observe
their behavior.

hypothesis

“The cold doesn't affect the birds’
behavior. Maybe the position of
the sunin the sky is important.”

Refine the
hypothesis

The steps may not be as clear-cut in real life as described here, but most scientific work follows this general outline.

1. Propose a hypothesis. A scientist generates a testable idea, or
hypothesis’, to try to answer a question or explain how the natural
universe works. Some people use the word theory in place of
hypothesis, but the word hypothesis is the proper word in science. For
scientific applications, the word theory® is a general statement that
describes a large set of observations and data. A theory represents the
highest level of scientific understanding.

2. Test the hypothesis. A scientist evaluates the hypothesis by devising
and carrying out experiments to test it. If the hypothesis passes the
test, it may be a proper answer to the question. If the hypothesis does
not pass the test, it may not be a good answer.

3. Refine the hypothesis if necessary. Depending on the results of
experiments, a scientist may want to modify the hypothesis and then
test it again. Sometimes the results show the original hypothesis to be
completely wrong, in which case a scientist will have to devise a new
hypothesis.

14



Chapter 1 Chemistry, Matter, and Measurement

Not all scientific investigations are simple enough to be separated into these three
discrete steps. But these steps represent the general method by which scientists
learn about our natural universe.

CONCEPT REVIEW EXERCISES

1. Define science and chemistry.

2. Name the steps of the scientific method.

ANSWERS

1. Science is a process by which we learn about the natural universe by
observing, testing, and then generating models that explain our observations.
Chemistry is the study of matter.

2. propose a hypothesis, test the hypothesis, and refine the hypothesis if
necessary

KEY TAKEAWAYS

¢ Chemistry is the study of matter and how it behaves.
« The scientific method is the general process by which we learn about the
natural universe.

1.1 What Is Chemistry? 15



Chapter 1 Chemistry, Matter, and Measurement

EXERCISES

1.1 What Is Chemistry?

1.

Based on what you know, which fields are branches of science?

g0 op

e.

meteorology (the study of weather)

astrophysics (the physics of planets and stars)

economics (the study of money and monetary systems)

astrology (the prediction of human events based on planetary and star
positions)

political science (the study of politics)

Based on what you know, which fields are a branches of science?

O 0 O p

history (the study of past events)

ornithology (the study of birds)

paleontology (the study of fossils)

zoology (the study of animals)

phrenology (using the shape of the head to determine personal
characteristics)

Which of the following are examples of matter?

e 0 o

a baby

an idea

the Empire State Building

an emotion

the air

Alpha Centauri, the closest known star (excluding the sun) to our solar
system

Which of the following are examples of matter?

a.

o o0 o

your textbook
brain cells

love

a can of soda
breakfast cereal

Suggest a name for the science that studies the physics of rocks and the earth.

Suggest a name for the study of the physics of living organisms.

Engineering is the practical application of scientific principles and discoveries
to develop things that make our lives easier. Is medicine science or
engineering? Justify your answer.

16



Chapter 1 Chemistry, Matter, and Measurement

10.

11.

12.

Based on the definition of engineering in Exercise 7, would building a bridge
over a river or road be considered science or engineering? Justify your answer.

When someone says, “I have a theory that excess salt causes high blood
pressure,” does that person really have a theory? If it is not a theory, what is
it?

When a person says, “My hypothesis is that excess calcium in the diet causes
kidney stones,” what does the person need to do to determine if the hypothesis
is correct?

Some people argue that many scientists accept many scientific principles on
faith. Using what you know about the scientific method, how might you argue
against that assertion?

Most students take multiple English classes in school. Does the study of English
use the scientific method?

ANSWERS

11.

1.1 What Is Chemistry?

science
science
not science
not science
not science

e o0 Op

matter
not matter
matter
not matter
matter
matter

e a0 o

geophysics

Medicine is probably closer to a field of engineering than a field of science, but
this may be arguable. Ask your doctor.

In scientific terms, this person has a hypothesis.

Science is based on reproducible facts, not blind belief.

17



Chapter 1 Chemistry, Matter, and Measurement

1.2 The Classification of Matter

10.

11.

. A charactristic that describes

matter, such as size, shape, and
color.

. A characteristic that describes

how matter changes its
chemical structure or
composition.

. Any sample of matter that has

the same physical and chemical
properties throughout the
sample.

A substance that cannot be
broken down into chemically
simpler components.

A substance that can be broken
down into chemically simpler
components.

LEARNING OBJECTIVES

1. Use physical and chemical properties, including phase, to describe
matter.
2. Identify a sample of matter as an element, a compound, or a mixture.

Part of understanding matter is being able to describe it. One way chemists describe
matter is to assign different kinds of properties to different categories.

Physical and Chemical Properties

The properties that chemists use to describe matter fall into two general categories.
Physical properties’ are characteristics that describe matter. They include
characteristics such as size, shape, color, and mass. Chemical properties® are
characteristics that describe how matter changes its chemical structure or
composition. An example of a chemical property is flammability—a material’s
ability to burn—because burning (also known as combustion) changes the chemical
composition of a material.

Elements and Compounds

Any sample of matter that has the same physical and chemical properties
throughout the sample is called a substance’. There are two types of substances. A
substance that cannot be broken down into chemically simpler components is an
element’. Aluminum, which is used in soda cans, is an element. A substance that
can be broken down into chemically simpler components (because it has more than
one element) is a compound'’ (Figure 1.2 "The General Steps of the Scientific
Method"). Water is a compound composed of the elements hydrogen and oxygen.
Today, there are about 118 elements in the known universe. In contrast, scientists
have identified tens of millions of different compounds to date.
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12.

13.

14.

15.

1.2 The Classification of Matter

The smallest part of an element
that maintains the identity of
that element.

The smallest part of a
compound that maintains the
identity of that compound.

A view of the universe in which
one is working with large
numbers of atoms or molecules
at a time.

A view of the universe in which
one is working with a few
atoms or molecules at a time.

Note

Sometimes the word pure is added to substance, but this is not absolutely
necessary. By definition, any single substance is pure.

The smallest part of an element that maintains the identity of that element is called
an atom'”. Atoms are extremely tiny; to make a line 1 inch long, you would need
217 million iron atoms. The smallest part of a compound that maintains the identity
of that compound is called a molecule®®. Molecules are composed of atoms that are
attached together and behave as a unit. Scientists usually work with millions and
millions of atoms and molecules at a time. When a scientist is working with large
numbers of atoms or molecules at a time, the scientist is studying the
macroscopic'* view of the universe. However, scientists can also describe chemical
events on the level of individual atoms or molecules, which is referred to as the
microscopic’ viewpoint. We will see examples of both macroscopic and
microscopic viewpoints throughout this book (Figure 1.3 "How Many Particles Are
Needed for a Period in a Sentence?").

Figure 1.3 How Many Particles Are Needed for a Period in a Sentence?

Vast numbers
of tiny,

individual pieces
of ink make up a
period on the
printed page.

x400,000,000

Koy

Although we do not notice it from a macroscopic perspective, matter is composed of microscopic particles so tiny
that billions of them are needed to make a speck we can see with the naked eye. The x25 and 400,000,000 indicate
the number of times the image is magnified.
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16. A sample composed of two or
more substances.

17. A mixture that is a
combination of two or more
substances.

18. A mixture that acts as a single
substance so that it is not
obvious that two or more
substances are present.

1.2 The Classification of Matter

Mixtures

A material composed of two or more substances is a mixture'®. In a mixture, the
individual substances maintain their chemical identities. Many mixtures are
obvious combinations of two or more substances, such as a mixture of sand and
water. Such mixtures are called heterogeneous mixtures'’. In some mixtures, the
components are so intimately combined that they act like a single substance (even
though they are not). Mixtures with a consistent composition throughout are called
homogeneous mixtures (or solutions)'®. Sugar dissolved in water is an example of
a solution. A metal alloy, such as steel, is an example of a solid solution. Air, a
mixture of mainly nitrogen and oxygen, is a gaseous solution.

EXAMPLE 2

How would a chemist categorize each example of matter?

1. saltwater
2. soil

3. water

4. oxygen
Solution

1. Saltwater acts as if it were a single substance even though it contains
two substances—salt and water. Saltwater is a homogeneous mixture, or
a solution.

2. Soil is composed of small pieces of a variety of materials, so it is a
heterogeneous mixture.

3. Water is a substance; more specifically, because water is composed of
hydrogen and oxygen, it is a compound.

4. Oxygen, a substance, is an element.

20



Chapter 1 Chemistry, Matter, and Measurement

19. A certain form of matter that
includes a specific set of
physical properties.

20. A physical process in which a
substance goes from one phase
to another.

1.2 The Classification of Matter

SKILL-BUILDING EXERCISE

How would a chemist categorize each example of matter?

1. coffee

2. hydrogen
3. anegg
Phases

Another way to classify matter is to describe it as a solid, a liquid, or a gas, which
was done in the examples of solutions. These three descriptions, each implying that
the matter has certain physical properties, represent the three phases'® of matter.
A solid has a definite shape and a definite volume. Liquids ordinarily have a definite
volume but not a definite shape; they take the shape of their containers. Gases have
neither a definite shape nor a definite volume, and they expand to fill their
containers. We encounter matter in each phase every day; in fact, we regularly
encounter water in all three phases: ice (solid), water (liquid), and steam (gas).

We know from our experience with water that substances can change from one
phase to another if the conditions are right. Typically, varying the temperature of a
substance (and, less commonly, the pressure exerted on it) can cause a phase
change®, a physical process in which a substance goes from one phase to another

Figure 1.4 "Boiling Water"). Phase changes have particular names depending on
what phases are involved, as summarized in Table 1.1 "Phase Changes".

Table 1.1 Phase Changes

Change Name

solid to liquid | melting, fusion

solid to gas | sublimation

liquid to gas | boiling, evaporation

liquid to solid | solidification, freezing

gas to liquid | condensation

gastosolid | deposition
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Figure 1.5 "The Classification of Matter" illustrates the
relationships between the different ways matter canbe gure 14 Boiling Water
classified.

Figure 1.5 The Classification of Matter

When liquid water boils to make
gaseous water, it undergoes a
phase change.

© Thinkstock

—_—
Only one

present?

Yes No

’ -
mixture

Heterogeneous
mixture

Matter can be classified in a variety of ways, depending on its properties.

1.2 The Classification of Matter
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CONCEPT REVIEW EXERCISES

1. Explain the differences between the physical properties of matter and the
chemical properties of matter.

2. What is the difference between a heterogeneous mixture and a homogeneous
mixture? Give an example of each.

3. Give at least two examples of a phase change and state the phases involved in
each.

ANSWERS

1. Physical properties describe the existence of matter, and chemical properties
describe how substances change into other substances.

2. A heterogeneous mixture is obviously a mixture, such as dirt; a homogeneous
mixture behaves like a single substance, such as saltwater.

3. solid to liquid (melting) and liquid to gas (boiling) (answers will vary)

KEY TAKEAWAYS

+ Matter can be described with both physical properties and chemical
properties.
+ Matter can be identified as an element, a compound, or a mixture.

1.2 The Classification of Matter 23
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EXERCISES

1.2 The Classification of Matter

1.

Does each statement refer to a chemical property or a physical property?

Balsa is a very light wood.

If held in a flame, magnesium metal burns in air.
Mercury has a density of 13.6 g/mL.

Human blood is red.

g0 op

Does each statement refer to a chemical property or a physical property?

The elements sodium and chlorine can combine to make table salt.

The metal tungsten does not melt until its temperature exceeds 3,000°C.
The ingestion of ethyl alcohol can lead to disorientation and confusion.
The boiling point of isopropyl alcohol, which is used to sterilize cuts and
scrapes, is lower than the boiling point of water.

g0 op

Define element. How does it differ from a compound?
Define compound. How does it differ from an element?
Give two examples of a heterogeneous mixture.

Give two examples of a homogeneous mixture.

Identify each substance as an element, a compound, a heterogeneous mixture,
or a solution.

a. xenon, a substance that cannot be broken down into chemically simpler
components

b. blood, a substance composed of several types of cells suspended in a salty
solution called plasma

c. water, a substance composed of hydrogen and oxygen

Identify each substance as an element, a compound, a heterogeneous mixture,
or a solution.

a. sugar, a substance composed of carbon, hydrogen, and oxygen
b. hydrogen, the simplest chemical substance
c. dirt, a combination of rocks and decaying plant matter

Identify each substance as an element, a compound, a heterogeneous mixture,
or a solution.

a. air, primarily a mixture of nitrogen and oxygen
b. ringer’s lactate, a standard fluid used in medicine that contains salt,
potassium, and lactate compounds all dissolved in sterile water
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c. tartaric acid, a substance composed of carbon, hydrogen, and oxygen

10. Identify each material as an element, a compound, a heterogeneous mixture,
or a solution.

a. equal portions of salt and sand placed in a beaker and shaken up
b. acombination of beeswax dissolved in liquid hexane

c. hydrogen peroxide, a substance composed of hydrogen and oxygen

11. What word describes each phase change?

a. solid to liquid
b. liquid to gas
c. solid to gas

12. What word describes each phase change?

a. liquid to solid
b. gas to liquid
c. gas to solid

1.2 The Classification of Matter
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ANSWERS

physical property
chemical property
physical property
physical property

o op

3. An element is a substance that cannot be broken down into chemically simpler
components. Compounds can be broken down into simpler substances.

5. asalt and pepper mix and a bowl of cereal (answers will vary)

7. a. element
b. heterogeneous mixture
c. compound

9. a. solution
b. solution
c. compound

11. a. melting or fusion
b. boiling or evaporation
c. sublimation
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1.3 Measurements

21. An amount of something.

22. How many (or how much) of
something in a quantity.

23. The scale of measurement for a
quantity.

LEARNING OBJECTIVE

1. Express quantities properly, using a number and a unit.

A coffee maker’s instructions tell you to fill the coffeepot with 4 cups of water and
use 3 scoops of coffee. When you follow these instructions, you are measuring.
When you visit a doctor’s office, a nurse checks your temperature, height, weight,
and perhaps blood pressure (Figure 1.6 "Measuring Blood Pressure"). The nurse is
also measuring.

Chemists measure the properties of matter and express

these measurements as quantities. A quantity?’ is an Figure 1.6 Measuring Blood
amount of something and consists of a number®* and a Pressure

unit®. The number tells us how many (or how much),
and the unit tells us what the scale of measurement is.
For example, when a distance is reported as “5
kilometers,” we know that the quantity has been
expressed in units of kilometers and that the number of
kilometers is 5. If you ask a friend how far he or she
walks from home to school, and the friend answers “12”

without specifying a unit, you do not know whether A nurse or a doctor measuring a
your friend walks—for example, 12 miles, 12 kilometers, patient’s blood pressure is taking
12 furlongs, or 12 yards. Both a number and a unit must be @ ™measurement.
included to express a quantity properly.

© Thinkstock

To understand chemistry, we need a clear
understanding of the units chemists work with and the
rules they follow for expressing numbers. The next two
sections examine the rules for expressing numbers.
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EXAMPLE 3

Identify the number and the unit in each quantity.

1. one dozen eggs

2. 2.54 centimeters

3. abox of pencils

4, 88 meters per second
Solution

1. The number is one, and the unit is dozen eggs.

2. The number is 2.54, and the unit is centimeter.

3. The number 1 is implied because the quantity is only a box. The unit is
box of pencils.

4, The number is 88, and the unit is meters per second. Note that in this
case the unit is actually a combination of two units: meters and seconds.

SKILL-BUILDING EXERCISE

Identify the number and the unit in each quantity.
1. 99 bottles of soda
2. 60 miles per hour
3. 32 fluid ounces

4. 98.6 degrees Fahrenheit

CONCEPT REVIEW EXERCISE

1. What are the two necessary parts of a quantity?

ANSWER

1. The two necessary parts are the number and the unit.
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To Your Health: Dosages

As we saw in the chapter-opening essay, a medicine can be more harmful than
helpful if it is not taken in the proper dosage. A dosage (or dose) is the specific
amount of a medicine that is known to be therapeutic for an ailment in a
patient of a certain size. Dosages of the active ingredient in medications are
usually described by units of mass, typically grams or milligrams, and generally
are equated with a number of capsules or teaspoonfuls to be swallowed or
injected. (For more information about mass, see Section 1.6 "The International
System of Units".) The amount of the active ingredient in a medicine is
carefully controlled so that the proper number of pills or spoonfuls contains
the proper dose.

Most drugs must be taken in just the right amount. If too little is taken, the
desired effects will not occur (or will not occur fast enough for comfort); if too
much is taken, there may be potential side effects that are worse than the
original ailment. Some drugs are available in multiple dosages. For example,
tablets of the medication levothyroxine sodium, a synthetic thyroid hormone
for those suffering from decreased thyroid gland function, are available in 11
different doses, ranging from 25 micrograms (ug) to 300 ug. It is a doctor’s
responsibility to prescribe the correct dosage for a patient, and it is a
pharmacist’s responsibility to provide the patient with the correct medicine at
the dosage prescribed. Thus, proper quantities—which are expressed using
numbers and their associated units—are crucial for keeping us healthy.

KEY TAKEAWAY

« Identify a quantity properly with a number and a unit.
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EXERCISES

1. Why are both parts of a quantity important when describing it?

2. Why are measurements an important part of any branch of science, such as
chemistry?

3. You ask a classmate how much homework your chemistry professor assigned.
Your classmate answers, “twenty.” Is that a proper answer? Why or why not?

4. Identify the number and the unit in each quantity.

five grandchildren

16 candles

four score and seven years

40 days and 40 nights

12.01 grams

9.8 meters per second squared
55 miles per hour

98.6 degrees Fahrenheit

ANSWERS

1. The number states how much, and the unit states of what. Without the number
and the unit, a quantity cannot be properly communicated.

50 -0 &0 O

3. No, it is not a proper answer; you do not know whether the professor meant
homework problem number 20 or 20 homework problems.
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1.4 Expressing Numbers: Scientific Notation

24. A system for expressing very
large or very small numbers in
a compact manner.

25. The exponent in a number
expressed in scientific
notation.

LEARNING OBJECTIVE

1. Express a large number or a small number in scientific notation.

The instructions for making a pot of coffee specified 3 scoops (rather than 12,000
grounds) because any measurement is expressed more efficiently with units that
are appropriate in size. In science, however, we often must deal with quantities that
are extremely small or incredibly large. For example, you may have
5,000,000,000,000 red blood cells in a liter of blood, and the diameter of an iron
atom is 0.000000014 inches. Numbers with many zeros can be cumbersome to work
with, so scientists use scientific notation.

Scientific notation® is a system for expressing very large or very small numbers in
a compact manner. It uses the idea that such numbers can be rewritten as a simple
number multiplied by 10 raised to a certain exponent, or power®.

Let us look first at large numbers. Suppose a spacecraft is 1,500,000 miles from
Mars. The number 1,500,000 can be thought of as follows:

1.5 % 1,000,000 =1.5x10°
"
10x10x10x10x10x10
— J
10°

That is, 1,500,000 is the same as 1.5 times 1 million, and 1 million is 10 x 10 x 10 x 10
x 10 x 10, or 10° (which is read as “ten to the sixth power”). Therefore, 1,500,000 can
be rewritten as 1.5 times 10°, or 1.5 x 10°. The distance of the spacecraft from Mars
can therefore be expressed as 1.5 x 10° miles.
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10°=1

101 =10

10% =100
10° = 1,000
10% = 10,000
and so forth

The convention for expressing numbers in scientific notation is to write a single
nonzero first digit, a decimal point, and the rest of the digits, excluding any trailing
zeros. This figure is followed by a multiplication sign and then by 10 raised to the
power necessary to reproduce the original number. For example, although 1,500,000
can also be written as 15. x 10° (which would be 15. x 100,000), the convention is to
have only one digit before the decimal point. How do we know to what power 10 is
raised? The power is the number of places you have to move the decimal point to
the left to make it follow the first digit, so that the number being multiplied is
between 1 and 10:

1,500,000 = 1.5 x 10°
(R VEVINY
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EXAMPLE 4

Express each number in scientific notation.

1. 67,000,000,000

2. 1,689
3. 12.6
Solution

1. Moving the decimal point 10 places to the left gives 6.7 x 10°.

2. The decimal point is assumed to be at the end of the number, so moving
it three places to the left gives 1.689 x 10°.

3. In this case, we need to move the decimal point only one place to the
left, which yields 1.26 x 107,

SKILL-BUILDING EXERCISE

Express each number in scientific notation.
1. 1,492
2. 102,000,000

3. 101,325

To change scientific notation to standard notation, we reverse the process, moving
the decimal point to the right. Add zeros to the end of the number being converted,
if necessary, to produce a number of the proper magnitude.
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EXAMPLE 5

Express each number in standard, or nonscientific, notation.

1. 5.27 x10*
2. 1.0008 x 10°

Solution

1. Rather than moving the decimal to the left, we move it four places to the
right and add zeros to give 52,700.
2. Moving the decimal six places to the right gives 1,000,800.

SKILL-BUILDING EXERCISE

Express each number in standard, or nonscientific, notation.

1. 6.98x108

2. 1.005 x 102

We can also use scientific notation to express numbers whose magnitudes are less
than 1. For example, the number 0.006 can be expressed as follows:

1

6x —— =6x107
1,000
-
r o r .1
10 10 10
10~
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10t=1/10
10%=1/100
107 = 1/1,000
10™* =1/10,000
10™ = 1/100,000
and so forth
We use a negative number as the power to indicate the number of places we have to

move the decimal point to the right to follow the first nonzero digit. This is
illustrated as follows:

In scientific notation, numbers with a magnitude greater than one have a positive
power, while numbers with a magnitude less than one have a negative power.

1.4 Expressing Numbers: Scientific Notation 35



Chapter 1 Chemistry, Matter, and Measurement

EXAMPLE 6

Express each number in scientific notation.

1. 0.000006567
2. -0.0004004
3. 0.000000000000123

Solution

1. Move the decimal point six places to the right to get 6.567 x 10°°.

2. Move the decimal point four places to the right to get -4.004 x 10~%. The
negative sign on the number itself does not affect how we apply the
rules of scientific notation.

3. Move the decimal point 13 places to the right to get 1.23 x 10713,

SKILL-BUILDING EXERCISE

Express each number in scientific notation.
1. 0.000355

2. 0.314159

As with numbers with positive powers of 10, when changing from scientific
notation to standard notation, we reverse the process.

EXAMPLE 7

Express each number in standard notation.

1. 6.22x1072
2. 9.9x107°

Solution

1. 0.0622
2. 0.0000000099
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SKILL-BUILDING EXERCISE

Express each number in standard notation.
1. 9.98x107

2. 5.109x 1078

Although calculators can show 8 to 10 digits in their display windows, that is not
always enough when working with very large or very small numbers. For this
reason, many calculators are designed to handle scientific notation. The method for
entering scientific notation differs for each calculator model, so take the time to
learn how to do it properly on your calculator, asking your instructor for assistance if
necessary. If you do not learn to enter scientific notation into your calculator
properly, you will not get the correct final answer when performing a calculation.

CONCEPT REVIEW EXERCISES

1. Why it is easier to use scientific notation to express very large or very small
numbers?

2. What is the relationship between how many places a decimal point moves and
the power of 10 used in changing a conventional number into scientific
notation?

ANSWERS

1. Scientific notation is more convenient than listing a large number of zeros.

2. The number of places the decimal point moves equals the power of
10—positive if the decimal point moves to the left and negative if the decimal
point moves to the right.

KEY TAKEAWAY

« Large or small numbers are expressed in scientific notation, which use
powers of 10.
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EXERCISES

1. Why is scientific notation useful in expressing numbers?

2. What is the relationship between the power and the number of places a
decimal point is moved when going from standard to scientific notation?

3. Express each number in scientific notation.

0.00064
5,230,000
-56,200
0.000000000220
1.0

© 0 O

4. Express each number in scientific notation.

678

-1,061
0.000560
0.0000003003
100,000,000

e o0 Op

5. Express each number in standard form.

a. 6.72x10%
b. 2.088x10°4
c. -3x10°

d. 9.98x107/

6. Express each number in standard form.

9.05 x 10°

a

b. 1.0x1073

. 3
d

12

6.022 x 102
8.834x 10"

7. Complete the following table:

Incorrect Scientific Notation | Correct Scientific Notation

4

54.7 x 10

0.0066 x 10°

0

3,078 x 10

8. Complete the following table:
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Incorrect Scientific Notation | Correct Scientific Notation

234.0 x 101

36x 104

0.993 x 10°

ANSWERS

1. Scientific notation is more convenient than listing a large number of zeros.

6.4x10 4
5.23 x 10°
-5.62 x 10*
2.20x 1071
1.0x 10°

0

e 0 Op

67,200
0.0002088
-3,000,000
0.000000998

o op

7. Incorrect Scientific Notation | Correct Scientific Notation

54,7 x 10*

5.47 x 10°

0.0066 x 10°

6.6 x 10°

3,078 x 10°

3,078 x 10°

1.4 Expressing Numbers: Scientific Notation
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1.5 Expressing Numbers: Significant Figures

LEARNING OBJECTIVES

1. Identify the number of significant figures in a reported value.
2. Use significant figures correctly in arithmetical operations.

Scientists have established certain conventions for communicating the degree of
precision of a measurement. Imagine, for example, that you are using a meterstick
to measure the width of a table. The centimeters (cm) are marked off, telling you
how many centimeters wide the table is. Many metersticks also have millimeters
(mm) marked off, so we can measure the table to the nearest millimeter. But most
metersticks do not have any finer measurements indicated, so you cannot report
the table’s width any more exactly than to the nearest millimeter. All you can do is
estimate the next decimal place in the measurement (Figure 1.7 "Measuring an
Object to the Correct Number of Digits").

Figure 1.7 Measuring an Object to the Correct Number of Digits
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26. All the digits of a measured
quantity known with certainty
and the first uncertain, or
estimated, digit.

How many digits should be reported for the length of this object?

The concept of significant figures takes this limitation into account. The significant
figures® of a measured quantity are defined as all the digits known with certainty
and the first uncertain, or estimated, digit. It makes no sense to report any digits
after the first uncertain one, so it is the last digit reported in a measurement. Zeros
are used when needed to place the significant figures in their correct positions.
Thus, zeros may not be significant figures.

Note

“Sig figs” is a common abbreviation for significant figures.

For example, if a table is measured and reported as being 1,357 mm wide, the
number 1,357 has four significant figures. The 1 (thousands), the 3 (hundreds), and
the 5 (tens) are certain; the 7 (units) is assumed to have been estimated. It would
make no sense to report such a measurement as 1,357.0 or 1,357.00 because that
would suggest the measuring instrument was able to determine the width to the
nearest tenth or hundredth of a millimeter, when in fact it shows only tens of
millimeters and the units have to be estimated.

On the other hand, if a measurement is reported as 150 mm, the 1 (hundreds) and
the 5 (tens) are known to be significant, but how do we know whether the zero is or
is not significant? The measuring instrument could have had marks indicating
every 10 mm or marks indicating every 1 mm. Is the zero an estimate, or is the 5 an
estimate and the zero a placeholder?

The rules for deciding which digits in a measurement are significant are as follows:

1. All nonzero digits are significant. In 1,357, all the digits are significant.
Captive (or embedded) zeros, which are zeros between significant digits,
are significant. In 405, all the digits are significant.

3. Leading zeros, which are zeros at the beginning of a decimal number less
than 1, are not significant. In 0.000458, the first four digits are leading
zeros and are not significant. The zeros serve only to put the digits 4, 5,
and 8 in the correct positions. This number has three significant
figures.
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4. Trailing zeros, which are zeros at the end of a number, are significant
only if the number has a decimal point. Thus, in 1,500, the two trailing
zeros are not significant because the number is written without a
decimal point; the number has two significant figures. However, in
1,500.00, all six digits are significant because the number has a decimal
point.

EXAMPLE 8

How many significant digits does each number have?

6,798,000
6,000,798
6,000,798.00
0.0006798

=W N =

Solution

four (by rules 1 and 4)
seven (by rules 1 and 2)
nine (by rules 1, 2, and 4)
four (by rules 1 and 3)

SKILL-BUILDING EXERCISE

How many significant digits does each number have?

= 8N

1. 2.1828
2. 0.005505
3. 55,050
4. 5

5. 500

Combining Numbers

It is important to be aware of significant figures when you are mathematically
manipulating numbers. For example, dividing 125 by 307 on a calculator gives
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27. The process of assessing the
final significant figure of a
quantity to determine if it
should be kept or moved
higher.

0.4071661238... to an infinite number of digits. But do the digits in this answer have
any practical meaning, especially when you are starting with numbers that have
only three significant figures each? When performing mathematical operations,
there are two rules for limiting the number of significant figures in an answer—one
rule is for addition and subtraction, and one rule is for multiplication and division.

For addition or subtraction, the rule is to stack all the numbers with their decimal
points aligned and then limit the answer’s significant figures to the rightmost
column for which all the numbers have significant figures. Consider the following:

56.789
+ 102.2
+ 1,300.099

=1,459.088

T Limit to this column

The arrow points to the rightmost column in which all the numbers have significant
figures—in this case, the tenths place. Therefore, we will limit our final answer to
the tenths place. Is our final answer therefore 1,459.07 No, because when we drop
digits from the end of a number, we also have to round” the number. Notice that
the second dropped digit, in the hundredths place, is 8. This suggests that the
answer is actually closer to 1,459.1 than it is to 1,459.0, so we need to round up to
1,459.1. The rules in rounding are simple: If the first dropped digit is 5 or higher,
round up. If the first dropped digit is lower than 5, do not round up.

For multiplication or division, the rule is to count the number of significant figures
in each number being multiplied or divided and then limit the significant figures in
the answer to the lowest count. An example is as follows:

38.65 X 105.93 =4,094.1945
- -

4sigfigs 5sigfigs reduce to 4 sig figs

The final answer, limited to four significant figures, is 4,094. The first digit dropped
is 1, so we do not round up.
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Scientific notation provides a way of communicating significant figures without
ambiguity. You simply include all the significant figures in the leading number. For
example, the number 450 has two significant figures and would be written in
scientific notation as 4.5 x 102, whereas 450.0 has four significant figures and would
be written as 4.500 x 102, In scientific notation, all significant figures are listed
explicitly.

EXAMPLE 9

Write the answer for each expression using scientific notation with the
appropriate number of significant figures.

1. 23.096 x 90.300
2. 125 x9.000
3. 1,027 + 610 + 363.06

Solution

1. The calculator answer is 2,085.5688, but we need to round it to five
significant figures. Because the first digit to be dropped (in the
hundredths place) is greater than 5, we round up to 2,085.6, which in
scientific notation is 2.0856 x 10°.

2. The calculator gives 1,125 as the answer, but we limit it to three
significant figures and convert into scientific notation: 1.13 x 10°.

3. The calculator gives 2,000.06 as the answer, but because 610 has its
farthest-right significant figure in the tens column, our answer must be
limited to the tens position: 2.0 x 10°,

SKILL-BUILDING EXERCISE

Write the answer for each expression using scientific notation with the
appropriate number of significant figures.

1. 217 =903
2. 13.77 +908.226 + 515
3. 255.0-99

4. 0.00666 x 321
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Remember that calculators do not understand significant figures. You are the one
who must apply the rules of significant figures to a result from your calculator.

CONCEPT REVIEW EXERCISES

1. Explain why the concept of significant figures is important in numerical
calculations.

2. State the rules for determining the significant figures in a measurement.

3. When do you round a number up, and when do you not round a number up?

ANSWERS

1. Significant figures represent all the known digits of a measurement plus the
first estimated one.

2. All nonzero digits are significant; zeros between nonzero digits are significant;
zeros at the end of a nondecimal number or the beginning of a decimal number
are not significant; zeros at the end of a decimal number are significant.

3. Round up only if the first digit dropped is 5 or higher.

KEY TAKEAWAYS

« Significant figures properly report the number of measured and
estimated digits in a measurement.
« There are rules for applying significant figures in calculations.
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EXERCISES

1. Define significant figures. Why are they important?

2. Define the different types of zeros found in a number and explain whether or
not they are significant.

3. How many significant figures are in each number?

140
0.009830
15,050
221,560,000
5.67 x 10°

2.9600 x 107>

0o &0 o p

4. How many significant figures are in each number?

1.05

9,500
0.0004505
0.00045050
7.210 x 10°
5.00x 107°

0o &0 o

5. Round each number to three significant figures.

a. 34,705
b. 34,750
c. 34,570

6. Round each number to four significant figures.

a. 34,705
b. 0.0054109

c. 8.90443 x 10%

7. Perform each operation and express the answer to the correct number of
significant figures.

a. 467.88+23.0+1,306="7
b. 10,075 +5,822.09 - 34.0="7
c. 0.00565 +0.002333 + 0.0991 = ?

8. Perform each operation and express the answer to the correct number of
significant figures.
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o8

10.

11.

12.

1.5 Expressing Numbers: Significant Figures

a. 0.9812+1.660 + 8.6502 = ?
b. 189 +3,201.8-1,100="?
c. 675.0-24+1,190=7

Perform each operation and express the answer to the correct number of
significant figures.

a. 439x8,767="7
b. 23.09 +13.009 = ?
c. 1.009x876="7

Perform each operation and express the answer to the correct number of
significant figures.

a. 3.00+1.9979 =?
b. 2,300 x 185 =?
c. 16.00x4.0="7

Use your calculator to solve each equation. Express each answer in proper
scientific notation and with the proper number of significant figures. If you do
not get the correct answers, you may not be entering scientific notation into
your calculator properly, so ask your instructor for assistance.

a. (5.6x10%)x(9.04x1077) =7
b. (8.331x1072) x (2.45x 10°) = ?
c. 983.09 +(5.390 x 10°) = ?

d. 0.00432 + (3.9001 x 103) =%

Use your calculator to solve each equation. Express each answer in proper
scientific notation and with the proper number of significant figures. If you do
not get the correct answers, you may not be entering scientific notation into
your calculator properly, so ask your instructor for assistance.

. (52x10% x(3.33x1072) =7

. (7.108x103) x (9.994 x 10™2) = ?
. (6.022x107) + (1.381x10°8) =7
. (2,997 x10%) = (1.58 x 103%) =7

Qa0 oo
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ANSWERS

1. Significant figures represent all the known digits plus the first estimated digit
of a measurement; they are the only values worth reporting in a measurement.

two
four
four
five
three
five

e 0 o

2
o

34,700
b. 34,800
c. 34,600

7. a. 1,797
b. 15,863
c. 0.1071

9. a. 3,850,000
b. 1.775
884

G

51x1073
2.04 x 104
1.824x 1073
1.11x107°

11.

0 op
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1.6 The International System of Units

28. A fundamental unit of SI.

LEARNING OBJECTIVE

1. Recognize the SI base units and explain the system of prefixes used with
them.

Now that we have discussed some of the conventions for expressing numbers, let us
focus on the other component of a quantity—the units.

People who live in the United States measure weight in pounds, height in feet and
inches, and a car’s speed in miles per hour. In contrast, chemistry and other
branches of science use the International System of Units (also known as SI after
Systéme Internationale d’Unités), which was established so that scientists around the
world could communicate efficiently with each other. Many countries have also
adopted SI units for everyday use as well. The United States is one of the few
countries that has not.

Base SI Units

Base (or basic) units?®, are the fundamental units of SI. There are seven base units,
which are listed in Table 1.2 "The Seven Base SI Units". Chemistry uses five of the
base units: the mole for amount, the kilogram for mass, the meter for length, the
second for time, and the kelvin for temperature. The degree Celsius (°C) is also
commonly used for temperature. The numerical relationship between kelvins and
degrees Celsius is as follows:

K=°C+273

Table 1.2 The Seven Base SI Units

Property Unit | Abbreviation
length meter m
mass kilogram | kg
time second |s
amount mole mol
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temperature kelvin K

electrical current | ampere |amp

luminous intensity | candela | cd

Note

The United States uses the English system of units for many quantities. Inches,
feet, miles, gallons, pounds, and so forth, are all units connected with the
English system of units.

The size of each base unit is defined by international convention. For example, the
kilogram is defined as the quantity of mass of a special metal cylinder kept in a
vault in France (Figure 1.8 "The Kilogram"). The other base units have similar
definitions. The sizes of the base units are not always convenient for all
measurements. For example, a meter is a rather large unit for describing the width
of something as narrow as human hair. Instead of reporting the diameter of hair as
0.00012 m or even 1.2 x 10~* m, SI also provides a series of prefixes that can be
attached to the units, creating units that are larger or smaller by powers of 10.

Common prefixes and their multiplicative factors are
listed in Table 1.3 "Prefixes Used with SI Units".
(Perhaps you have already noticed that the base unit
kilogram is a combination of a prefix, kilo- meaning
1,000 x, and a unit of mass, the gram.) Some prefixes
create a multiple of the original unit: 1 kilogram equals
1,000 grams, and 1 megameter equals 1,000,000 meters.
Other prefixes create a fraction of the original unit.
Thus, 1 centimeter equals 1/100 of a meter, 1 millimeter
equals 1/1,000 of a meter, 1 microgram equals 1/
1,000,000 of a gram, and so forth.

Figure 1.8
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Table 1.3 Prefixes Used with SI Units

The standard for the kilogram is
a platinum-iridium cylinder kept
in a special vault in France.

Source: Photo reproduced by
permission of the Bureau
International des Poids et
Mesures, who retain full
internationally protected

copyright.
giga- G 1,000,000,000 x 10°
mega- M 1,000,000 x 108 x
kilo- k 1,000 x 10° x
deca- D 10 x 101 x
deci- d 1/10 107 x
centi- c 1/100 x 1072 x
milli- m 1/1,000 x 1073
micro- p 1/1,000,000 x 106 x
nano- n 1/1,000,000,000 x 107 x
*The letter u is the Greek lowercase letter for m and is called “mu,” which is
pronounced “myoo.”

Both SI units and prefixes have abbreviations, and the combination of a prefix
abbreviation with a base unit abbreviation gives the abbreviation for the modified
unit. For example, kg is the abbreviation for kilogram. We will be using these
abbreviations throughout this book.

Derived SI Units

Derived units”* are combinations of SI base units. Units can be multiplied and
divided, just as numbers can be multiplied and divided. For example, the area of a
square having a side of 2 cm is 2 cm x 2 cm, or 4 cm? (read as “four centimeters

29. A combinations of the SI base
units.

1.6 The International System of Units
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squared” or “four square centimeters”). Notice that we have squared a length unit,
the centimeter, to get a derived unit for area, the square centimeter.

Volume is an important quantity that uses a derived unit. Volume®° is the amount
of space that a given substance occupies and is defined geometrically as length x
width x height. Each distance can be expressed using the meter unit, so volume has
the derived unit m x m x m, or m> (read as “meters cubed” or “cubic meters”). A
cubic meter is a rather large volume, so scientists typically express volumes in
terms of 1/1,000 of a cubic meter. This unit has its own name—the liter (L). A liter is
a little larger than 1 US quart in volume. (Table 1.4 "Approximate Equivalents to
Some SI Units" gives approximate equivalents for some of the units used in
chemistry.) As shown in Figure 1.9 "The Liter", a liter is also 1,000 cm®, By
definition, there are 1,000 mL in 1 L, so 1 milliliter and 1 cubic centimeter represent
the same volume.

3

ImL=1cm
Figure 1.9
10cm
B
///
B
/// 2l
<Ll | 1 cubic
P T —
- 1 LT  centimeter
rdeZd
AT
11
rdRPaRb
L
/
10cn1< AT LT |
/
A AT
/
L

N

10cm

A liter is defined as a cube 10 cm (1/10th of a meter) on a side. A milliliter, 1/1,000th of a liter, is equal to 1 cubic
centimeter.

30. The amount of space that a
given substance occupies.
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Table 1.4 Approximate Equivalents to Some SI Units

1m = 39.36 in. = 3.28 ft =~ 1.09 yd

1cm=2.54in.

1 km = 0.62 mi

1kg=2.201b

1lb=~454g

1L=~1.06qt

1qt=0.946 L

Energy’', another important quantity in chemistry, is the ability to perform work,
such as moving a box of books from one side of a room to the other side. It has a
derived unit of kg'm?/s% (The dot between the kg and m units implies the units are
multiplied together.) Because this combination is cumbersome, this collection of
units is redefined as a joule? (J). An older unit of energy, the calorie (cal), is also
widely used. There are 4.184 J in 1 cal. All chemical processes occur with a
simultaneous change in energy. (For more information on energy changes, see
Chapter 7 "Energy and Chemical Processes".)

31. The ability to perform work.

32. The SI unit of energy.
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33. The mass of an object divided
by its volume.

To Your Health: Energy and Food

The food in our diet provides the energy our bodies need to function properly.
The energy contained in food could be expressed in joules or calories, which are
the conventional units for energy, but the food industry prefers to use the
kilocalorie and refers to it as the Calorie (with a capital C). The average daily
energy requirement of an adult is about 2,000-2,500 Calories, which is
2,000,000-2,500,000 calories (with a lowercase c).

If we expend the same amount of energy that our food provides, our body
weight remains stable. If we ingest more Calories from food than we expend,
however, our bodies store the extra energy in high-energy-density compounds,
such as fat, and we gain weight. On the other hand, if we expend more energy
than we ingest, we lose weight. Other factors affect our weight as well—genetic,
metabolic, behavioral, environmental, cultural factors—but dietary habits are

among the most important.

In 2008 the US Centers for Disease Control and Prevention issued a report
stating that 73% of Americans were either overweight or obese. More
alarmingly, the report also noted that 19% of children aged 6-11 and 18% of
adolescents aged 12-19 were overweight—numbers that had tripled over the
preceding two decades. Two major reasons for this increase are excessive
calorie consumption (especially in the form of high-fat foods) and reduced
physical activity. Partly because of that report, many restaurants and food
companies are working to reduce the amounts of fat in foods and provide
consumers with more healthy food options.

Density’’ is defined as the mass of an object divided by its volume; it describes the

amount of matter contained in a given amount of space.

. mass
density = ———
volume

Thus, the units of density are the units of mass divided by the units of volume: g/

cm? or g/mL (for solids and liquids), g/L (for gases), kg/ m?3, and so forth. For

example, the density of water is about 1.00 g/cm?, while the density of mercury is

13.6 g/mL. (Remember that 1 mL equals 1 cm®.) Mercury is over 13 times as dense as

water, meaning that it contains over 13 times the amount of matter in the same
amount of space. The density of air at room temperature is about 1.3 g/L.

1.6 The International System of Units
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EXAMPLE 10

Give the abbreviation for each unit and define the abbreviation in terms of
the base unit.

1. kiloliter

2. microsecond

3. decimeter

4. nanogram

Solution

1. The abbreviation for a kiloliter is kL. Because kilo means “1,000 x,” 1 kL

equals 1,000 L.

The abbreviation for microsecond is us. Micro implies 1/1,000,000th of a
unit, so 1 us equals 0.000001 s.

The abbreviation for decimeter is dm. Deci means 1/10th, so 1 dm equals
0.1 m.

. The abbreviation for nanogram is ng and equals 0.000000001 g.

SKILL-BUILDING EXERCISE

Give the abbreviation for each unit and define the abbreviation in terms of
the base unit.

1. kilometer

2. milligram

3. nanosecond

4. centiliter

1.6 The International System of Units
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EXAMPLE 11

What is the density of a section of bone if a 25.3 cm> sample has a mass of
27.8g?

Solution

Because density is defined as the mass of an object divided by its volume, we
can set up the following relationship:

mass  27.8¢g

— = 1.10 g/cm’
volume 253 cm’ e

density =

Note that we have limited our final answer to three significant figures.

SKILL-BUILDING EXERCISE

1. What is the density of oxygen gas if a 15.0 L sample has a mass of 21.7 g?

CONCEPT REVIEW EXERCISES

1. What is the difference between a base unit and a derived unit? Give two
examples of each type of unit.

2. Do units follow the same mathematical rules as numbers do? Give an example
to support your answer.

ANSWERS

1. Base units are the seven fundamental units of SI; derived units are constructed
by making combinations of the base units; base units: kilograms and meters
(answers will vary); derived units: grams per milliliter and joules (answers will
vary).

2. yes;mL X % = g (answers will vary)
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KEY TAKEAWAYS

¢ Recognize the SI base units.
+ Combining prefixes with base units creates new units of larger or
smaller sizes.

EXERCISES

1. List four base units.
2. List four derived units.
3. How many meters are in 1 km? How many centimeters are in 1 m?

4. How many grams are in 1 Mg? How many microliters are in 1 L?

a

. Complete the following table:

Unit Abbreviation

centiliter

ms

kL

micrometer

6. Complete the following table:

Unit Abbreviation

microliter

kilosecond

dL

ns

millimeter

7. What are some appropriate units for density?

8. A derived unit for velocity, which is the change of position with respect to
time, is meters per second (m/s). Give three other derived units for velocity.

1.6 The International System of Units 57



Chapter 1 Chemistry, Matter, and Measurement

ANSWERS

1. second, meter, kilogram, and kelvin (answers will vary)

3. 1,000; 100

5. Unit Abbreviation

centiliter cL

millisecond | ms

centimeter |cm

kiloliter kL

micrometer | ym

7. grams per liter, grams per milliliter, and kilograms per liter (answers will vary)
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1.7 Converting Units

LEARNING OBJECTIVE

1. Convert a value reported in one unit to a corresponding value in a
different unit.

The ability to convert from one unit to another is an important skill. For example, a
nurse with 50 mg aspirin tablets who must administer 0.2 g of aspirin to a patient
needs to know that 0.2 g equals 200 mg, so 4 tablets are needed. Fortunately, there
is a simple way to convert from one unit to another.

Conversion Factors

If you learned the SI units and prefixes described in Section 1.6 "The International
System of Units", then you know that 1 cm is 1/100th of a meter.

lem= —
cm 1001’11

or

100cm=1m
Suppose we divide both sides of the equation by 1 m (both the number and the unit):

100 cm Im

Im  Im

As long as we perform the same operation on both sides of the equals sign, the
expression remains an equality. Look at the right side of the equation; it now has
the same quantity in the numerator (the top) as it has in the denominator (the
bottom). Any fraction that has the same quantity in the numerator and the
denominator has a value of 1:
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34. A fraction that has equivalent
quantities in the numerator
and the denominator but
expressed in different units.

1.7 Converting Units

100cm

— =1
Tm

same quantity <

We know that 100 cm is 1 m, so we have the same quantity on the top and the
bottom of our fraction, although it is expressed in different units. A fraction that
has equivalent quantities in the numerator and the denominator but expressed in
different units is called a conversion factor**.

Here is a simple example. How many centimeters are there in 3.55 m? Perhaps you
can determine the answer in your head. If there are 100 cm in every meter, then
3.55 m equals 355 cm. To solve the problem more formally with a conversion factor,
we first write the quantity we are given, 3.55 m. Then we multiply this quantity by a

conversion factor, which is the same as multiplying it by 1. We can write 1 as 1010%
and multiply:
100 cm
355 mX ————
m

The 3.55 m can be thought of as a fraction with a 1 in the denominator. Because m,
the abbreviation for meters, occurs in both the numerator and the denominator of
our expression, they cancel out:

3.55_af 100 cm
1 X

Lt

The final step is to perform the calculation that remains once the units have been
canceled:

3.55 y 100 cm
1 1

= 355 cm

In the final answer, we omit the 1 in the denominator. Thus, by a more formal
procedure, we find that 3.55 m equals 355 cm. A generalized description of this
process is as follows:

quantity (in old units) x conversion factor = quantity (in new units)
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1.7 Converting Units

You may be wondering why we use a seemingly complicated procedure for a
straightforward conversion. In later studies, the conversion problems you will
encounter will not always be so simple. If you can master the technique of applying
conversion factors, you will be able to solve a large variety of problems.

. o1 .
In the previous example, we used the fraction Olorflm as a conversion factor. Does

1 m . . e s
700 o Also equal 17 Yes, it does; it has the same quantity in

the numerator as in the denominator (except that they are expressed in different
units). Why did we not use that conversion factor? If we had used the second
conversion factor, the original unit would not have canceled, and the result would
have been meaningless. Here is what we would have gotten:

the conversion factor

2

m
— =0.0355 —
100 cm cm

3.55 m X
For the answer to be meaningful, we have to construct the conversion factor in a form
that causes the original unit to cancel out. Figure 1.10 "A Concept Map for Conversions"
shows a concept map for constructing a proper conversion. The steps for doing a
unit conversion problem are summarized in the margin.

Figure 1.10 A Concept Map for Conversions

l m ’ _ 2| Centimeters (cm)

100 cm The unit you are
converting to is on the top.
The unit you are m
converting from
is on the
bottom.

This is how you construct a conversion factor to convert from one unit to another.
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35. A number that is defined or
counted.

1.7 Converting Units

Significant Figures in Conversions

How do conversion factors affect the determination of significant figures? Numbers
in conversion factors based on prefix changes, such as kilograms to grams, are not
considered in the determination of significant figures in a calculation because the
numbers in such conversion factors are exact. Exact numbers>’ are defined or
counted numbers, not measured numbers, and can be considered as having an
infinite number of significant figures. (In other words, 1 kg is exactly 1,000 g, by the
definition of kilo-.) Counted numbers are also exact. If there are 16 students in a
classroom, the number 16 is exact. In contrast, conversion factors that come from
measurements (such as density, as we will see shortly) or are approximations have a
limited number of significant figures and should be considered in determining the
significant figures of the final answer.
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1.7 Converting Units

EXAMPLE 12

1. The average volume of blood in an adult male is 4.7 L. What is this
volume in milliliters?

2. A hummingbird can flap its wings once in 18 ms. How many seconds are
in 18 ms?

Solution

1. We start with what we are given, 4.7 L. We want to change the
unit from liters to milliliters. There are 1,000 mL in 1 L. From this
relationship, we can construct two conversion factors:

1L 1,000 mL
T
1000mL O~ 1L

We use the conversion factor that will cancel out the original
unit, liters, and introduce the unit we are converting to, which is
milliliters. The conversion factor that does this is the one on the
right.

1,000 mL
47 ¢ x = = 4700 mL

1LX

Because the numbers in the conversion factor are exact, we do
not consider them when determining the number of significant
figures in the final answer. Thus, we report two significant
figures in the final answer.

2. We can construct two conversion factors from the relationships
between milliseconds and seconds:

1,000 ms or ls
1s 1,000 ms

To convert 18 ms to seconds, we choose the conversion factor
that will cancel out milliseconds and introduce seconds. The
conversion factor on the right is the appropriate one. We set up
the conversion as follows:
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= 0.018 s

Is
18 s x ———
A X 000

The conversion factor’s numerical values do not affect our
determination of the number of significant figures in the final
answer.

SKILL-BUILDING EXERCISE

Perform each conversion.
1. 101,000 ns to seconds

2. 32.08 kg to grams

Conversion factors can also be constructed for converting between different kinds
of units. For example, density can be used to convert between the mass and the
volume of a substance. Consider mercury, which is a liquid at room temperature
and has a density of 13.6 g/mL. The density tells us that 13.6 g of mercury have a
volume of 1 mL. We can write that relationship as follows:

13.6 g mercury = 1 mL mercury

This relationship can be used to construct two conversion factors:

13.6 ¢ I mL
I mL 13.6 ¢

Which one do we use? It depends, as usual, on the units we need to cancel and
introduce. For example, suppose we want to know the mass of 16 mL of mercury.
We would use the conversion factor that has milliliters on the bottom (so that the
milliliter unit cancels) and grams on top so that our final answer has a unit of mass:

13.6
16wl x ——L =217.6g = 220¢

1t
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1.7 Converting Units

In the last step, we limit our final answer to two significant figures because the
volume quantity has only two significant figures; the 1 in the volume unit is
considered an exact number, so it does not affect the number of significant figures.
The other conversion factor would be useful if we were given a mass and asked to
find volume, as the following example illustrates.

Note

Density can be used as a conversion factor between mass and volume.

EXAMPLE 13

A mercury thermometer for measuring a patient’s temperature contains
0.750 g of mercury. What is the volume of this mass of mercury?

Solution

Because we are starting with grams, we want to use the conversion factor
that has grams in the denominator. The gram unit will cancel algebraically,
and milliliters will be introduced in the numerator.

| mL
0750 & X ——— = 0055147 .. mL = 0.0551 mL

13.6 &

We have limited the final answer to three significant figures.

SKILL-BUILDING EXERCISE

1. What is the volume of 100.0 g of air if its density is 1.3 g/L?
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1.7 Converting Units

Looking Closer: Density and the Body

The densities of many components and products of the body have a bearing on
our health.

Bones. Bone density is important because bone tissue of lower-than-normal
density is mechanically weaker and susceptible to breaking. The density of
bone is, in part, related to the amount of calcium in one’s diet; people who have
a diet deficient in calcium, which is an important component of bones, tend to
have weaker bones. Dietary supplements or adding dairy products to the diet
seems to help strengthen bones. As a group, women experience a decrease in
bone density as they age. It has been estimated that fully half of women over
age 50 suffer from excessive bone loss, a condition known as osteoporosis. Exact
bone densities vary within the body, but for a healthy 30-year-old female, it is
about 0.95-1.05 g/cm?>. Osteoporosis is diagnosed if the bone density is below
0.6-0.7 g/cm’.

Urine. The density of urine can be affected by a variety of medical conditions.
Sufferers of diabetes insipidus produce an abnormally large volume of urine
with a relatively low density. In another form of diabetes, called diabetes
mellitus, there is excess glucose dissolved in the urine, so that the density of
urine is abnormally high. The density of urine may also be abnormally high
because of excess protein in the urine, which can be caused by congestive heart
failure or certain renal (kidney) problems. Thus, a urine density test can
provide clues to various kinds of health problems. The density of urine is

commonly expressed as a specific gravity, which is a unitless quantity defined
density of some material

donsity of water - Normal values for the specific gravity of urine range

from 1.002 to 1.028.

Body Fat. The overall density of the body is one indicator of a person’s total
body fat. Fat is less dense than muscle and other tissues, so as it accumulates,
the overall density of the body decreases. Measurements of a person’s weight
and volume provide the overall body density, which can then be correlated to
the percentage of body fat. (The body’s volume can be measured by immersion
in a large tank of water. The amount of water displaced is equal to the volume

of the body.)
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Sometimes you will have to perform more than one conversion to obtain the
desired unit. For example, suppose you want to convert 54.7 km into millimeters.
You can either memorize the relationship between kilometers and millimeters, or
you can do the conversion in steps. Most people prefer to convert in steps.

To do a stepwise conversion, we first convert the given amount to the base unit. In
this example, the base unit is meters. We know that there are 1,000 m in 1 km:

1,000
54.7 ki X —— " = 54,700 m

1 kel

Then we take the result (54,700 m) and convert it to millimeters, remembering that
there are 1,000 mm for every 1 m:

1,000 mm

Lt

We have expressed the final answer in scientific notation.

54,700_=at" X = 54,700,000 mm = 5.47 X 10" mm

As a shortcut, both steps in the conversion can be combined into a single, multistep
expression:

1,000
54.7 Jfi X AT 1,000 mm
1 ki 1ot

Either method—one step at a time or all the steps together—is acceptable. If you do
all the steps together, the restriction for the proper number of significant figures
should be done after the last step. As long as the math is performed correctly, you
should get the same answer no matter which method you use.

= 54,700,000 mm = 5.47 x 107 r
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EXAMPLE 14

Convert 58.2 ms to megaseconds in one multistep calculation.
Solution

First, convert the given unit to the base unit—in this case, seconds—and
then convert seconds to the final unit, megaseconds:

1/( 1 Ms
58.2)?1’5( X X = 0.0000000582 Ms = 5.82 x
1,000 /m§ 1,000,000 /(

Neither conversion factor affects the number of significant figures in the
final answer.

SKILL-BUILDING EXERCISE

1. Convert 43.007 ng to kilograms in one multistep calculation.
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1.7 Converting Units

Career Focus: Pharmacist

A pharmacist dispenses drugs that have been prescribed by a doctor. Although
that may sound straightforward, pharmacists in the United States must hold a
doctorate in pharmacy and be licensed by the state in which they work. Most
pharmacy programs require four years of education in a specialty pharmacy
school.

Pharmacists must know a lot of chemistry and biology so they can understand
the effects that drugs (which are chemicals, after all) have on the body.
Pharmacists can advise physicians on the selection, dosage, interactions, and
side effects of drugs. They can also advise patients on the proper use of their
medications, including when and how to take specific drugs properly.
Pharmacists can be found in drugstores, hospitals, and other medical facilities.

Curiously, an outdated name for pharmacist is chemist, which was used when
pharmacists formerly did a lot of drug preparation, or compounding. In modern
times, pharmacists rarely compound their own drugs, but their knowledge of
the sciences, including chemistry, helps them provide valuable services in
support of everyone’s health.

A pharmacist is a person who
needs to know a lot of chemistry.
Curiously, an old name for
pharmacist is chemist.
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© Thinkstock

CONCEPT REVIEW EXERCISES

1. How do you determine which quantity in a conversion factor goes in the
denominator of the fraction?

2. State the guidelines for determining significant figures when using a
conversion factor.

ANSWERS

1. The unit you want to cancel from the numerator goes in the denominator of
the conversion factor.

2. Exact numbers that appear in many conversion factors do not affect the
number of significant figures; otherwise, the normal rules of multiplication
and division for significant figures apply.

KEY TAKEAWAY

¢ A unit can be converted to another unit of the same type with a
conversion factor.
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EXERCISES

1.7 Converting Units

1.

10.

11.

12.

13.

14.

15.

Give the two conversion factors you can construct using each pair of units.

a. meters and kilometers
b. liters and microliters
c. seconds and milliseconds

Give the two conversion factors you can construct using each pair of units.

a. grams and centigrams
b. millimeters and meters
c. liters and megaliters

How many meters are in 56.2 km?
How many seconds are in 209.7 ms?
How many microliters are in 44.1 L?
How many megagrams are in 90.532 g?

Convert 109.6 kg into micrograms. Express your final answer in scientific
notation.

Convert 3.8 x 10° mm into kilometers. Express your final answer in scientific
notation.

Convert 3.009 x 10>

notation.

ML into centiliters. Express your final answer in scientific

Convert 99.04 dm into micrometers. Express your final answer in scientific
notation.

The density of ethyl alcohol is 0.79 g/mL. What is the mass of 340 mL of ethyl
alcohol?

The density of a certain fraction of crude oil is 1.209 g/mL. What is the mass of
13,500 mL of this fraction?

The density of ethyl alcohol is 0.79 g/mL. What is the volume of 340 g of ethyl
alcohol?

The density of a certain component of crude oil is 1.209 g/mL. What is the
volume of 13,500 g of this component?

Vitamin C tablets can come in 500 mg tablets. How many of these tablets are
needed to obtain 10 g of vitamin C?
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16. A tablet of penicillin contains 250 mg of the antibacterial drug. A prescription
contains 44 tablets. What is the total mass of penicillin in the prescription?

ANSWERS

1,000m | 1 km
1, e s

1 km 1,000 m
b 1,000,000 uL 1L
’ 1L > 1,000,000 uL
1,000 ms | 1s

1s > 1,000 ms

3. 5.62x10°m
5. 4.41x107 uL
7. 1.096 x 108 ug
9. 3.009x10° cL
11. 270 g
13. 430mL

15. 20 tablets
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1.8 End-of-Chapter Material
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Chapter Summary

To ensure that you understand the material in this chapter, you should review the meanings of the bold terms in the
following summary and ask yourself how they relate to the topics in the chapter.

Chemistry is the study of matter, which is anything that has mass and takes up space. Chemistry is one branch
of science, which is the study of the natural universe. Like all branches of science, chemistry relies on the
scientific method, which is a process of learning about the world around us. In the scientific method, a guess or
hypothesis is tested through experiment and measurement.

Matter can be described in a number of ways. Physical properties describe characteristics of a sample that do
not change the chemical identity of the material (size, shape, color, and so on), while chemical properties
describe how a sample of matter changes its chemical composition. A substance is any material that has the
same physical and chemical properties throughout. An element is a substance that cannot be broken down into
chemically simpler components. The smallest chemically identifiable piece of an element is an atom. A
substance that can be broken down into simpler chemical components is a compound. The smallest chemically
identifiable piece of a compound is a molecule. Two or more substances combine physically to make a mixture.
If the mixture is composed of discrete regions that maintain their own identity, the mixture is a heterogeneous
mixture. If the mixture is so thoroughly mixed that the different components are evenly distributed
throughout, it is a homogeneous mixture. Another name for a homogeneous mixture is a solution. Substances
can also be described by their phase: solid, liquid, or gas.

Scientists learn about the universe by making measurements of quantities, which consist of numbers (how
many) and units (of what). The numerical portion of a quantity can be expressed using scientific notation,
which is based on powers, or exponents, of 10. Large numbers have positive powers of 10, while numbers less
than 1 have negative powers of 10. The proper reporting of a measurement requires proper use of significant
figures, which are all the known digits of a measurement plus the first estimated digit. The number of figures to
report in the result of a calculation based on measured quantities depends on the numbers of significant figures
in those quantities. For addition and subtraction, the number of significant figures is determined by position; for
multiplication and division, it is decided by the number of significant figures in the original measured values.
Nonsignificant digits are dropped from a final answer in accordance with the rules of rounding.

Chemistry uses SI, a system of units based on seven basic units. The most important ones for chemistry are the
units for length, mass, amount, time, and temperature. Basic units can be combined with numerical prefixes to
change the size of the units. They can also be combined with other units to make derived units, which are used
to express other quantities such as volume, density, or energy. A formal conversion from one unit to another
uses a conversion factor, which is constructed from the relationship between the two units. Numbers in
conversion factors may affect the number of significant figures in a calculated quantity, depending on whether
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the conversion factor is exact. Conversion factors can be applied in separate computations, or several can be
used at once in a single, longer computation.

1.8 End-of-Chapter Material
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ADDITIONAL EXERCISES

1.8 End-of-Chapter Material

1.

A sample of urine has a density of 1.105 g/ cm3. What is the mass of 0.255 L of
this urine?

The hardest bone in the body is tooth enamel, which has a density of 2.91 g/
cm3. What is the volume, in liters, of 75.9 g of tooth enamel?

Some brands of aspirin have 81 mg of aspirin in each tablet. If a person takes 8
tablets per day, how many grams of aspirin is that person consuming every
day?

The US government has a recommended daily intake (RDI) of 5 pg of vitamin D
per day. (The name recommended daily allowance was changed to RDI in 1997.) If
milk contains 1.2 ug per 8 oz glass, how many ounces of milk are needed to
supply the RDI of vitamin D?

The population of the United States, according to the 2000 census, was 281.4
million people.

a. How many significant figures does this number have?
b. What is the unit in this quantity?
c. Express this quantity in proper scientific notation.

The United States produces 34,800,000,000 Ib of sugar each year, and much of it
is exported to other countries.

a. How many significant figures does this number have?
b. What is the unit in this quantity?
c. Express this quantity in proper scientific notation.

Construct a conversion factor that can convert from one unit to the other in
each pair of units.

a. from millimeters to kilometers
b. from kilograms to micrograms
c. from centimeters to micrometers

Construct a conversion factor that can convert from one unit to the other in
each pair of units.

a. from kilometers to micrometers
b. from decaliters to milliliters
c. from megagrams to milligrams

What is the density of a dextrose solution if 355 mL of the solution has a mass
of 406.9 g?
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1.8 End-of-Chapter Material

10. What is the density of a dental amalgam (an alloy used to fill cavities) if 1.005

11.

12.

13.

14.

15.

16.

kg of the material has a volume of 433 mL? Express your final answer in grams
per milliliter.

For Exercises 11-16, see the accompanying table for the relationships between
English and SI units.

1m =39.36 in. = 3.28 ft = 1.09 yd

1cm=2.54in.

1 km = 0.62 mi

1kg=2.201b

1lb=454¢g

1L=~1.06qt

1qt~0.946 L

Approximately how many inches are in 4.76 m?
Approximately how many liters are in 1 gal, which is exactly 4 qt?
Approximately how many kilograms are in a person who weighs 170 1b?

The average distance between Earth and the sun is 9.3 x 10’ mi. How many
kilometers is that?

Show mathematically that 1 L equals 1 dm3.

Show mathematically that 1 L equals 1,000 em3.
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ANSWERS

1. 282¢g
3. 650 mg
5. a. four significant figures

b. people
c. 2.841x10° people

1 km
7. a 3
109 mm
10
b- ﬂg
1 kg
10* ym
1 cm
9. 1.15g/mL
11. 187 in.
13. 77kg

15 1L =0.001 m? x (&m) — | dm’
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Elements, Atoms, and the Periodic Table

Opening Essay

The hardest material in the human body is tooth enamel. It has to be hard so that our teeth can serve us for a
lifetime of biting and chewing; however, tough as it is, tooth enamel is susceptible to chemical attack. Acids
found in some foods or made by bacteria that feed on food residues on our teeth are capable of dissolving
enamel. Unprotected by enamel, a tooth will start to decay, thus developing cavities and other dental problems.

In the early 1900s, a dentist in Colorado Springs, Colorado, noted that many people who lived in the area had
brown-stained teeth that, while unsightly, were surprisingly resistant to decay. After years of study, excess
fluorine compounds in the drinking water were discovered to be the cause of both these effects. Research
continued, and in the 1930s, the US Public Health Service found that low levels of fluorine in water would
provide the benefit of resisting decay without discoloring teeth.

The protective effects of fluorine have a simple chemical explanation. Tooth enamel consists mostly of a mineral
called hydroxyapatite, which is composed of calcium, phosphorus, oxygen, and hydrogen. We know now that
fluorine combines with hydroxyapatite to make fluorapatite, which is more resistant to acidic decay than
hydroxyapatite is. Currently about 50% of the US population drinks water that has some fluorine added (in the
form of sodium fluoride, NaF) to reduce tooth decay. This intentional fluoridation, coupled with the use of
fluoride-containing toothpastes and improved oral hygiene, has reduced tooth decay by as much as 60% in
children. The nationwide reduction of tooth decay has been cited as an important public health advance in
history. (Another important advance was the eradication of polio.)

Just as a language has an alphabet from which words are built, chemistry has an
alphabet from which matter is described. However, the chemical alphabet is larger
than the one we use for spelling. You may have already figured out that the
chemical alphabet consists of the chemical elements. Their role is central to
chemistry, for they combine to form the millions and millions of known
compounds.
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2.1 The Elements

LEARNING OBJECTIVES

1. Define a chemical element and give examples of the abundance of
different elements.

2. Represent a chemical element with a chemical symbol.

An element, as defined in Chapter 1 "Chemistry, Matter, and Measurement", is a
substance that cannot be broken down into simpler chemical substances. There are
about 90 naturally occurring elements known on Earth. Using technology, scientists
have been able to create nearly 30 additional elements that do not occur in nature.
Today, chemistry recognizes 118 elements—some of which were created an atom at
a time. Figure 2.1 "Samples of Elements" shows some of the chemical elements.

Figure 2.1 Samples of Elements

Gold is a yellowish solid, iron is a silvery solid, whle mercury is a silvery liquid at room temperature.

© Thinkstock
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2.1 The Elements

Abundance

The elements vary widely in abundance. In the universe as a whole, the most
common element is hydrogen (about 90% of atoms), followed by helium (most of the
remaining 10%). All other elements are present in relatively minuscule amounts, as
far as we can detect.

On the planet Earth, however, the situation is rather different. Oxygen makes up
46.1% of the mass of Earth’s crust (the relatively thin layer of rock forming Earth’s
surface), mostly in combination with other elements, while silicon makes up 28.5%.
Hydrogen, the most abundant element in the universe, makes up only 0.14% of
Earth’s crust. Table 2.1 "Elemental Composition of Earth" lists the relative
abundances of elements on Earth as a whole and in Earth’s crust. Table 2.2
"Elemental Composition of a Human Body" lists the relative abundances of elements
in the human body. If you compare Table 2.1 "Elemental Composition of Earth" and
Table 2.2 "Elemental Composition of a Human Body", you will find disparities
between the percentage of each element in the human body and on Earth. Oxygen
has the highest percentage in both cases, but carbon, the element with the second
highest percentage in the body, is relatively rare on Earth and does not even appear
as a separate entry in Table 2.1 "Elemental Composition of Earth"; carbon is part of
the 0.174% representing “other” elements. How does the human body concentrate
so many apparently rare elements?

Table 2.1 Elemental Composition of Earth

oxygen 46.1 | iron 34.6
silicon 28.2 | oxygen 29.5
aluminum 8.23 | silicon 15.2
iron 5.53 | magnesium 12.7
calcium 4.15 | nickel 2.4
sodium 2.36 | sulfur 1.9
magnesium 2.33 | all others 3.7
potassium 2.09

titanium 0.565

hydrogen 0.14
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2.1 The Elements

phosphorus

0.105

all others

0.174

Source: D. R. Lide, ed. CRC Handbook of Chemistry and Physics, 89th ed. (Boca Raton, FL:

CRC Press, 2008-9), 14-17.

Table 2.2 Elemental Composition of a Human Body

oxygen 61
carbon 23
hydrogen 10
nitrogen 2.6
calcium 1.4
phosphorus 1.1
sulfur 0.20
potassium 0.20
sodium 0.14
chlorine 0.12
magnesium 0.027
silicon 0.026
iron 0.006
fluorine 0.0037
zinc 0.0033
all others 0.174

Source: D. R. Lide, ed. CRC Handbook of Chemistry and Physics, 89th ed. (Boca Raton, FL:

CRC Press, 2008-9), 7-24.
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The relative amounts of elements in the body have less to do with their abundances
on Earth than with their availability in a form we can assimilate. We obtain oxygen
from the air we breathe and the water we drink. We also obtain hydrogen from
water. On the other hand, although carbon is present in the atmosphere as carbon
dioxide, and about 80% of the atmosphere is nitrogen, we obtain those two elements
from the food we eat, not the air we breathe.

Looking Closer: Phosphorus, the Chemical Bottleneck

There is an element that we need more of in our bodies than is proportionately
present in Earth’s crust, and this element is not easily accessible. Phosphorus
makes up 1.1% of the human body but only 0.105% of Earth’s crust. We need
phosphorus for our bones and teeth, and it is a crucial component of all living
cells. Unlike carbon, which can be obtained from carbon dioxide, there is no
phosphorus compound present in our surroundings that can serve as a
convenient source. Phosphorus, then, is nature’s bottleneck. Its availability
limits the amount of life our planet can sustain.

Higher forms of life, such as humans, can obtain phosphorus by selecting a
proper diet (plenty of protein); but lower forms of life, such as algae, must
absorb it from the environment. When phosphorus-containing detergents were
introduced in the 1950s, wastewater from normal household activities greatly
increased the amount of phosphorus available to algae and other plant life.
Lakes receiving this wastewater experienced sudden increases in growth of
algae. When the algae died, concentrations of bacteria that ate the dead algae
increased. Because of the large bacterial concentrations, the oxygen content of
the water dropped, causing fish to die in large numbers. This process, called
eutrophication, is considered a negative environmental impact.

Today, many detergents are made without phosphorus so the detrimental
effects of eutrophication are minimized. You may even see statements to that
effect on detergent boxes. It can be sobering to realize how much impact a
single element can have on life—or the ease with which human activity can
affect the environment.

Names and Symbols

Each element has a name. Some of these names date from antiquity, while others
are quite new. Today, the names for new elements are proposed by their
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discoverers but must be approved by the International Union of Pure and Applied
Chemistry, an international organization that makes recommendations concerning
all kinds of chemical terminology.

Note

Today, new elements are usually named after famous scientists.

The names of the elements can be cumbersome to write in full, especially when
combined to form the names of compounds. Therefore, each element name is
abbreviated as a one- or two-letter chemical symbol'. By convention, the first
letter of a chemical symbol is a capital letter, while the second letter (if there is
one) is a lowercase letter. The first letter of the symbol is usually the first letter of
the element’s name, while the second letter is some other letter from the name.
Some elements have symbols that derive from earlier, mostly Latin names, so the
symbols may not contain any letters from the English name. Table 2.3 "Element
Names and Symbols" lists the names and symbols of some of the most familiar
elements.

Table 2.3 Element Names and Symbols

aluminum Al magnesium Mg
argon Ar manganese Mn
arsenic As mercury Hg*
barium Ba neon Ne
bismuth Bi nickel Ni
boron B nitrogen N
bromine Br oxygen 0
calcium Ca phosphorus P
carbon C platinum Pt
chlorine cl potassium K*

*The symbol comes from the Latin name of element.

1. A one- or two-letter The symbol for tungsten comes from its German name—wolfram.
abbreviation for an element.
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2.1 The Elements

chromium Cr silicon Si
copper Cu* silver Ag*
fluorine F sodium Na*
gold Au* strontium Sr
helium He sulfur S
hydrogen H tin Sn*
iron Fe tungsten w'
iodine I uranium U
lead Pb* zinc Zn
lithium Li zirconium Zr
*The symbol comes from the Latin name of element.
"The symbol for tungsten comes from its German name—wolfram.

Note

Element names in languages other than English are often close to their Latin
names. For example, gold is oro in Spanish and or in French (close to the Latin
aurum), tin is estafio in Spanish (compare to stannum), lead is plomo in Spanish
and plomb in French (compare to plumbum), silver is argent in French (compare

to argentum), and iron is fer in French and hierro in Spanish (compare to ferrum).

The closeness is even more apparent in pronunciation than in spelling.
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EXAMPLE 1

Write the chemical symbol for each element without consulting Table 2.3
"Element Names and Symbols".

bromine
boron
carbon
calcium

gold

QO = W N =

Solution

Br
B
C
Ca
Au

SKILL-BUILDING EXERCISE

Write the chemical symbol for each element without consulting Table 2.3
"Element Names and Symbols".

QO = W N =

1. manganese
2. magnesium
3. neon

4. nitrogen

5. silver
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EXAMPLE 2

What element is represented by each chemical symbol?

Na
. Hg
P
K

I

o

Solution

sodium
mercury
phosphorus
potassium
iodine

SKILL-BUILDING EXERCISE

What element is represented by each chemical symbol?

o

1. Pb

2. Sn

CONCEPT REVIEW EXERCISES

1. What is an element?
2. Give some examples of how the abundance of elements varies.

3. Why are chemical symbols so useful? What is the source of the letter(s) for a
chemical symbol?
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ANSWERS

1. An element is the basic chemical building block of matter; it is the simplest
chemical substance.

2. Elements vary from being a small percentage to more than 30% of the atoms
around us.

3. Chemical symbols are useful to concisely represent the elements present in a
substance. The letters usually come from the name of the element.

KEY TAKEAWAYS

« All matter is composed of elements.
¢ Chemical elements are represented by a one- or two-letter symbol.
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EXERCISES

1. Which of the following substances are elements?

sodium

milk

gold

water

air

liquefied nitrogen

o 0 o

2. Which of the following substances are elements?

paper
electricity
neon
carbon
wood
concrete

e 0 o p

3. Write the chemical symbol for each element.

a. silver
b. sulfur
c. nitrogen
d. neon

4. Write the chemical symbol for each element.

a. bromine
b. oxygen
c. lithium
d. boron

5. Explain why it is improper to write CO as the chemical symbol for cobalt.
6. Explain why it is improper to write NO as the chemical symbol for nobelium.

7. Complete the following table.

Element Symbol | Element Name

F

Fe
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2.1 The Elements

8. Compl

Cr

€

P

ete the following table.

Mg

Mn

Ca

cl

K

Pt
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ANSWERS

2.1 The Elements

element
not an element
element
not an element
not an element
element

e a0 o

Ag
S
N
d. Ne

o o

5. By convention, the second letter in an element’s symbol is always lowercase.

7. | Element Symbol | Element Name
F fluorine
Fe iron
I iodine
Cr chromium
C carbon
P phosphorus
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2.2 Atomic Theory

2. The fundamental concept that
all elements are composed of
atoms.

LEARNING OBJECTIVES

1. Explain how all matter is composed of atoms.
2. Describe the modern atomic theory.

Take some aluminum foil. Cut it in half. Now you have two smaller pieces of
aluminum foil. Cut one of the pieces in half again. Cut one of those smaller pieces in
half again. Continue cutting, making smaller and smaller pieces of aluminum foil.

It should be obvious that the pieces are still aluminum foil; they are just becoming
smaller and smaller. But how far can you take this exercise, at least in theory? Can
you continue cutting the aluminum foil into halves forever, making smaller and
smaller pieces? Or is there some limit, some absolute smallest piece of aluminum
foil? (Thought experiments like this—and the conclusions based on them—were
debated as far back as the fifth century BC.)

The modern atomic theory?, proposed about 1803 by the English chemist John
Dalton (Figure 2.2 "John Dalton"), is a fundamental concept that states that all
elements are composed of atoms. In Chapter 1 "Chemistry, Matter, and
Measurement", we defined an atom as the smallest part of an element that
maintains the identity of that element. Individual atoms are extremely small; even
the largest atom has an approximate diameter of only 5.4 x 10° m. With that size,
it takes over 18 million of these atoms, lined up side by side, to equal the width of
your little finger (about 1 cm).
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3. A two-atom grouping that
behaves as a single chemical
entity.

2.2 Atomic Theory

Most elements in their pure form exist as individual
atoms. For example, a macroscopic chunk of iron metal
is composed, microscopically, of individual atoms. Some
elements, however, exist as groups of atoms called
molecules, as discussed in Chapter 1 "Chemistry, Matter,
and Measurement". Several important elements exist as

Figure 2.2 John Dalton

two-atom combinations and are called diatomic
molecules’. In representing a diatomic molecule, we use
the symbol of the element and include the subscript 2 to
indicate that two atoms of that element are joined
together. The elements that exist as diatomic molecules
are hydrogen (H3), oxygen (02), nitrogen (N2), fluorine

(F3), chlorine (Cl,), bromine (Brs), and iodine (I).

John Dalton was an English
scientist who enunciated the
modern atomic theory.

Looking Closer: Atomic Theory

Dalton’s ideas are called the modern atomic theory because the concept of atoms
is very old. The Greek philosophers Leucippus and Democritus originally
introduced atomic concepts in the fifth century BC. (The word atom comes from
the Greek word atomos, which means “indivisible” or “uncuttable.”) Dalton had
something that the ancient Greek philosophers didn’t have, however; he had
experimental evidence, such as the formulas of simple chemicals and the
behavior of gases. In the 150 years or so before Dalton, natural philosophy had
been maturing into modern science, and the scientific method was being used
to study nature. So when Dalton announced a modern atomic theory, he was
proposing a fundamental theory to describe many previous observations of the
natural world; he was not just participating in a philosophical discussion.
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CONCEPT REVIEW EXERCISES

1. What is the modern atomic theory?

2. What are atoms?

ANSWERS

1. The modern atomic theory states that all matter is composed of atoms.

2. Atoms are the smallest parts of an element that maintain the identity of that
element.

KEY TAKEAWAYS

+ Atoms are the ultimate building blocks of all matter.
+ The modern atomic theory establishes the concepts of atoms and how
they compose matter.

2.2 Atomic Theory 9
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EXERCISES

1. Which of the following elements exist as diatomic molecules?

g0 op

helium
hydrogen
iodine

gold

2. Which of the following elements exist as diatomic molecules?

g0 op

chlorine
potassium
silver
oxygen

3. Why is it proper to represent the elemental form of helium as He but improper
to represent the elemental form of hydrogen as H?

4. Why is it proper to represent the elemental form of chlorine as Clg but

improper to represent the elemental form of calcium as Cap?

ANSWERS

d.

o o

no
yes

yes
no

3. Hydrogen exists as a diatomic molecule in its elemental form; helium does not
exist as a diatomic molecule.

2.2 Atomic Theory
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2.3 The Structure of Atoms

4. A subatomic particle with a
negative electric charge.

5. A subatomic particle with a
positive charge.

6. A subatomic particle with no
electric charge.

LEARNING OBJECTIVES

1. Describe the three main subatomic particles.
2. State how the subatomic particles are arranged in atoms.

There have been several minor but important modifications to Dalton’s atomic
theory. For one thing, Dalton considered atoms to be indivisible. We know now that
atoms not only can be divided but also are composed of three different kinds of
particles with their own properties that are different from the chemical properties
of atoms.

Subatomic Particles

The first subatomic particle was identified in 1897 and called the electron®. It is an
extremely tiny particle, with a mass of about 9.109 x 10! kg. Experiments with
magnetic fields showed that the electron has a negative electrical charge.

By 1920, experimental evidence indicated the existence of a second particle. A
proton’ has the same amount of charge as an electron, but its charge is positive,
not negative. Another major difference between a proton and an electron is mass.
Although still incredibly small, the mass of a proton is 1.673 x 1072 kg, which is
almost 2,000 times greater than the mass of an electron. Because opposite charges
attract each other (while like charges repel each other), protons attract electrons
(and vice versa).

Finally, additional experiments pointed to the existence of a third particle. Evidence
produced in 1932 established the existence of the neutron®, a particle with about
the same mass as a proton but with no electrical charge.

We understand now that all atoms can be broken down into subatomic particles:
protons, neutrons, and electrons. Table 2.4 "Properties of the Subatomic Particles"
lists some of their important characteristics and the symbols used to represent each
particle.
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2.3 The Structure of Atoms

Table 2.4 Properties of the Subatomic Particles

Particle | Symbol | Mass (kg) [ Relative Mass (proton = 1) | Relative Charge
proton p" | 1.673x10% 1 +1
neutron n° 1.675 x 10727 1 0
electron | e |9.109x107! 0.00055 -1

The Nucleus

How are these subatomic particles arranged? Between 1909 and 1911, Ernest
Rutherford, a Cambridge physicist, and his associates Hans Geiger and Ernest
Marsden performed experiments that provided strong evidence concerning the
internal structure of an atom. They took a very thin metal foil, such as gold or
platinum, and aimed a beam of positively charged particles (called alpha particles,
which are combinations of two protons and two neutrons) from a radioactive
source toward the foil. Surrounding the foil was a detector—either a scintillator (a
material that glows when hit by such particles) or some unexposed film (which is
exposed where the particles hit it). The detector allowed the scientists to determine
the distribution of the alpha particles after they interacted with the foil. Figure 2.3
"The Geiger-Marsden Experimental Setup" shows a diagram of the experimental

setup.

Figure 2.3 The Geiger-Marsden Experimental Setup

Film/ZnS scintillation screen

alpha particle source
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7. The central part of an atom
that contains protons and
neutrons.

2.3 The Structure of Atoms

Experiments using this setup were used to investigate the structure of atoms.

Most of the particles traveled straight through the foil, but some alpha particles
were deflected off to one side. Some were even deflected back toward the source.
This was unexpected. Rutherford once said, “It was almost as incredible as if you
fired a 15-inch shell at a piece of tissue paper and it came back and hit you.”

Rutherford proposed the following model to explain these experimental results.
Protons and neutrons are concentrated in a central region he called the nucleus’
(plural, nuclei) of the atom. Electrons are outside the nucleus and orbit about it
because they are attracted to the positive charge in the nucleus. Most of the mass of
an atom is in the nucleus, while the orbiting electrons account for an atom’s size. As
a result, an atom consists largely of empty space. Rutherford called his description
the “planetary model” of the atom. Figure 2.4 "Rutherford’s Metal-Foil
Experiments" shows how this model explains the experimental results.

Figure 2.4

e electrons

> o

nucleus

/

o

Rutherford explained the results of the metal-foil experiments by proposing that most of the mass and the positive
charge of an atom are located in its nucleus, while the relatively low-mass electrons orbit about the nucleus. Most
alpha particles go straight through the empty space, a few particles are deflected, and fewer still ricochet back
toward the source. The nucleus is much smaller proportionately than depicted here.
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2.3 The Structure of Atoms

Note

The planetary model of the atom replaced the plum pudding model, which had
electrons floating around aimlessly like plums in a “pudding” of positive
charge.

Rutherford’s model is essentially the same model that we use today to describe
atoms but with one important modification. The planetary model suggests that
electrons occupy certain specific, circular orbits about the nucleus. We know now
that this model is overly simplistic. A better description is that electrons form fuzzy
clouds around nuclei. Figure 2.5 "A Modern Depiction of Atomic Structure" shows a
more modern version of our understanding of atomic structure.

Figure 2.5 A Modern Depiction of Atomic Structure

(a) (b)

A more modern understanding of atoms, reflected in these representations of the electron in a hydrogen atom, is
that electrons occupy regions of space about the nucleus; they are not in discrete orbits like planets around the sun.
(a) The darker the color, the higher the probability that an electron will be at that point. (b) In a two-dimensional
cross section of the electron in a hydrogen atom, the more crowded the dots, the higher the probability that an
electron will be at that point. In both (a) and (b), the nucleus is in the center of the diagram.
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CONCEPT REVIEW EXERCISES

1. What are the charges and the relative masses of the three subatomic particles?

2. Describe the structure of an atom in terms of its protons, neutrons, and
electrons.

ANSWERS

1. proton: +1, large; neutron: 0, large; electron: -1, small

2. Protons and neutrons are located in a central nucleus, while electrons orbit
about the nucleus.

KEY TAKEAWAYS

+ Atoms are composed of three main subatomic particles: protons,
neutrons, and electrons.

* Protons and neutrons are grouped together in the nucleus of an atom,
while electrons orbit about the nucleus.
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EXERCISES

1.

2y

10.

Which is smaller—an electron or a helium atom?
Which is larger—a proton or an atom of lead?

Which subatomic particle has a positive charge? Which subatomic particle has
a negative charge?

Which subatomic particle is electrically neutral? Does it exist inside or outside
the nucleus?

Protons are among the (most, least) massive subatomic particles, and they are
found (inside, outside) the nucleus.

Electrons are among the (most, least) massive subatomic particles, and they
are found (inside, outside) the nucleus.

Describe why Rutherford used the term planetary model to describe his model of
atomic structure.

Why is the planetary model not an appropriate way to describe the structure of
an atom?

What happened to most of the alpha particles in Rutherford’s experiment?
Explain why that happened.

Electrons account for the (majority, minority) of the (mass, volume) of an
atom.

ANSWERS

i

3

2.3 The Structure of Atoms

An electron is smaller.

proton; electron

most; inside

Electrons are in orbit about the nucleus.

Most of the alpha particles went through the metal sheet because atoms are
mostly empty space.
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2.4 Nuclei of Atoms

8. The number of protons in the
nucleus of an atom.

LEARNING OBJECTIVES

1. Define and differentiate between the atomic number and the mass
number of an element.
2. Explain how isotopes differ from one another.

Now that we know how atoms are generally constructed, what do atoms of any
particular element look like? How many protons, neutrons, and electrons are in a
specific kind of atom?

First, if an atom is electrically neutral overall, then the number of protons equals
the number of electrons. Because these particles have the same but opposite
charges, equal numbers cancel out, producing a neutral atom.

Atomic Number

In the 1910s, experiments with X rays led to this useful conclusion: the magnitude
of the positive charge in the nucleus of every atom of a particular element is the
same. In other words, all atoms of the same element have the same number of
protons. Furthermore, different elements have a different number of protons in
their nuclei, so the number of protons in the nucleus of an atom is characteristic of
a particular element. This discovery was so important to our understanding of
atoms that the number of protons in the nucleus of an atom is called the atomic
number?®,

For example, hydrogen has the atomic number 1; all hydrogen atoms have 1 proton
in their nuclei. Helium has the atomic number 2; all helium atoms have 2 protons in
their nuclei. There is no such thing as a hydrogen atom with 2 protons in its
nucleus; a nucleus with 2 protons would be a helium atom. The atomic number
defines an element. Chapter 21 "Appendix: Periodic Table of the Elements" lists the
elements and their atomic numbers. From this table, you can determine the number
of protons in the nucleus of any element. The largest atoms have over 100 protons
in their nuclei.
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EXAMPLE 3

What is the number of protons in the nucleus of each element? (Use the
table in Chapter 21 "Appendix: Periodic Table of the Elements".)

1. aluminum

2. iron
3. carbon
Solution

1. According to the table, aluminum has an atomic number of 13.
Therefore, every aluminum atom has 13 protons in its nucleus.

2. Iron has an atomic number of 26. Therefore, every iron atom has 26
protons in its nucleus.

3. Carbon has an atomic number of 6. Therefore, every carbon atom has 6
protons in its nucleus.

SKILL-BUILDING EXERCISE

What is the number of protons in the nucleus of each element? (Use the
table in Chapter 21 "Appendix: Periodic Table of the Elements".)

1. sodium
2. oxygen
3. chlorine

How many electrons are in an atom? Previously we said that for an electrically
neutral atom, the number of electrons equals the number of protons, so the total
opposite charges cancel. Thus, the atomic number of an element also gives the
number of electrons in an atom of that element. (Later we will find that some
elements may gain or lose electrons from their atoms, so those atoms will no longer
be electrically neutral. Thus we will need a way to differentiate the number of
electrons for those elements.)
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EXAMPLE 4

How many electrons are present in the atoms of each element?

1. sulfur
2. tungsten
3. argon
Solution

1. The atomic number of sulfur is 16. Therefore, in a neutral atom of sulfur,
there are 16 electrons.

2. The atomic number of tungsten is 74. Therefore, in a neutral atom of
tungsten, there are 74 electrons.

3. The atomic number of argon is 18. Therefore, in a neutral atom of argon,
there are 18 electrons.

SKILL-BUILDING EXERCISE

How many electrons are present in the atoms of each element?
1. magnesium
2. potassium

3. iodine

Isotopes

How many neutrons are in atoms of a particular element? At first it was thought
that the number of neutrons in a nucleus was also characteristic of an element.
However, it was found that atoms of the same element can have different numbers of
neutrons. Atoms of the same element that have different numbers of neutrons are
called isotopes’. For example, 99% of the carbon atoms on Earth have 6 neutrons
and 6 protons in their nuclei; about 1% of the carbon atoms have 7 neutrons in their
nuclei. Naturally occurring carbon on Earth, therefore, is actually a mixture of
isotopes, albeit a mixture that is 99% carbon with 6 neutrons in each nucleus.

9. Atoms of the same element An important series of isotopes is found with hydrogen atoms. Most hydrogen

;tftr;;: different numbers of | o4 1s have a nucleus with only a single proton. About 1 in 10,000 hydrogen nuclei,
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10. The sum of the numbers of
protons and neutrons in a
nucleus of an atom.

2.4 Nuclei of Atoms

however, also has a neutron; this particular isotope is called deuterium. An
extremely rare hydrogen isotope, tritium, has 1 proton and 2 neutrons in its
nucleus. Figure 2.6 "Isotopes of Hydrogen" compares the three isotopes of
hydrogen.

Figure 2.6 Isotopes of Hydrogen

1e- 1e” 1e”

1pt 1p*,1n° 1pt2n°

(a) Hydrogen (b)  Deuterium (c) Tritium

Most hydrogen atoms have only a proton in the nucleus (a). A small amount of hydrogen exists as the isotope
deuterium, which has one proton and one neutron in its nucleus (b). A tiny amount of the hydrogen isotope tritium,
with one proton and two neutrons in its nucleus, also exists on Earth (c). The nuclei and electrons are
proportionately much smaller than depicted here.

Note

The discovery of isotopes required a minor change in Dalton’s atomic theory.
Dalton thought that all atoms of the same element were exactly the same.

Most elements exist as mixtures of isotopes. In fact, there are currently over 3,500
isotopes known for all the elements. When scientists discuss individual isotopes,
they need an efficient way to specify the number of neutrons in any particular
nucleus. The mass number'® of an atom is the sum of the numbers of protons and
neutrons in the nucleus. Given the mass number for a nucleus (and knowing the
atomic number of that particular atom), you can determine the number of neutrons
by subtracting the atomic number from the mass number.

A simple way of indicating the mass number of a particular isotope is to list it as a
superscript on the left side of an element’s symbol. Atomic numbers are often listed
as a subscript on the left side of an element’s symbol. Thus, we might see
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2.4 Nuclei of Atoms

mass number— 56F
atomic number— 26 ¢

which indicates a particular isotope of iron. The 26 is the atomic number (which is
the same for all iron atoms), while the 56 is the mass number of the isotope. To
determine the number of neutrons in this isotope, we subtract 26 from 56: 56 - 26 =
30, so there are 30 neutrons in this atom.

EXAMPLE 5

How many protons and neutrons are in each atom?

35
b
2. §3 |
Solution

1. In ﬁCl, there are 17 protons, and 35 - 17 = 18 neutrons in each nucleus.

2. In £7 I, there are 53 protons, and 127 - 53 = 74 neutrons in each nucleus.

SKILL-BUILDING EXERCISE

How many protons and neutrons are in each atom?
197
1. 79 Au

23
2. 11Na

It is not absolutely necessary to indicate the atomic number as a subscript because
each element has its own unique atomic number. Many isotopes are indicated with
a superscript only, such as 1°C or 2>U. You may also see isotopes represented in
print as, for example, carbon-13 or uranium-235.
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CONCEPT REVIEW EXERCISES

1. Why is the atomic number so important to the identity of an atom?

2. What is the relationship between the number of protons and the number of
electrons in an atom?

3. How do isotopes of an element differ from each other?

4. What is the mass number of an element?

ANSWERS

1. The atomic number defines the identity of an element.

2. Inan electrically neutral atom, the number of protons equals the number of
electrons.

3. Isotopes have different numbers of neutrons in their nuclei.

4, The mass number is the sum of the numbers of protons and neutrons in the
nucleus of an atom.

KEY TAKEAWAYS

+ Elements can be identified by their atomic number and mass number.
+ Isotopes are atoms of the same element that have different masses.
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EXERCISES

1. How many protons are in the nucleus of each element?

a. radon

b. tungsten

c. chromium
d. beryllium

2. How many protons are in the nucleus of each element?

sulfur
uranium
calcium
lithium

g0 op

3. What are the atomic numbers of the elements in Exercise 1?
4. What are the atomic numbers of the elements in Exercise 2?
5. How many electrons are in neutral atoms of the elements in Exercise 17
6. How many electrons are in neutral atoms of the elements in Exercise 27

7. Complete the following table.

Number of Number of Element Isotope
Protons Neutrons Name Symbol
80 (120
55
>oFe
2 hydrogen

8. Complete the following table.

Number of Number of | Element Isotope
Protons Neutrons Name Symbol
3
>He
95 153

21 | potassium

9. State the number of protons, neutrons, and electrons in neutral atoms of each
isotope.
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10.

11.

12.

13.

14.

131I
40K
201

d. 1%

o op

Hg

State the number of protons, neutrons, and electrons in neutral atoms of each

isotope.
3H
133
56Fe

o op

What is the mass number of a gallium atom that has 38 neutrons in it?

What is the mass number of a uranium atom that has 143 neutrons in it?

Complete each sentence.

neutrons.

neutrons.

neutrons.

neutrons.
neutrons.
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ANSWERS

86
74
. 24
d.

oo

3. 86,74,24,and 4

5. 86,74, 24, and 4

Number of Number of Element Isotope
7. Protons Neutrons Name Symbol
200
80| 120 mercury g0 HEg
. 55
26| 29 iron 26Fe
3
1|2 hydrogen H
9. a. protons: 53; neutrons: 78; electrons: 53
b. protons: 19; neutrons: 21; electrons: 19
c. protons: 80; neutrons: 121; electrons: 80
d. protons: 9; neutrons: 10; electrons: 9
11. 69
13. a. 26
b. 22
c. 2
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2.5 Atomic Masses

11. One-twelfth the mass of a 12C
atom.

12. A weighted average of the
masses of all the element’s
naturally occurring isotopes.

LEARNING OBJECTIVE

1. Define atomic mass and atomic mass unit.

Even though atoms are very tiny pieces of matter, they have mass. Their masses are
so small, however, that chemists often use a unit other than grams to express
them—the atomic mass unit.

The atomic mass unit'' (abbreviated u, although amu is also used) is defined as 1/
12 of the mass of a '2C atom:

1
lu= I the mass of '>C atom

It is equal to 1.661 x 10 %% g.

Masses of other atoms are expressed with respect to the atomic mass unit. For
example, the mass of an atom of 1H is 1.008 u, the mass of an atom of °0 is 15.995 u,
and the mass of an atom of 32S is 31.97 u. Note, however, that these masses are for
particular isotopes of each element. Because most elements exist in nature as a
mixture of isotopes, any sample of an element will actually be a mixture of atoms
having slightly different masses (because neutrons have a significant effect on an
atom’s mass). How, then, do we describe the mass of a given element? By
calculating an average of an element’s atomic masses, weighted by the natural
abundance of each isotope, we obtain a weighted average mass called the atomic
mass'’ (also commonly referred to as the atomic weight) of an element.

For example, boron exists as a mixture that is 19.9% '°B and 80.1% 'B. The atomic
mass of boron would be calculated as (0.199 x 10.0 u) + (0.801 x 11.0 u) = 10.8 u.
Similar average atomic masses can be calculated for other elements. Carbon exists
on Earth as about 99% *%C and about 1% C, so the weighted average mass of
carbon atoms is 12.01 u.

The table in Chapter 21 "Appendix: Periodic Table of the Elements" also lists the
atomic masses of the elements.
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EXAMPLE 6

What is the average mass of a carbon atom in grams?
Solution

This is a simple one-step conversion, similar to conversions we did in
Chapter 1 "Chemistry, Matter, and Measurement". We use the fact that 1 u =
1.661x10 % g:

1.661 x 107%* g

%

This is an extremely small mass, which illustrates just how small individual
atoms are.

=1995x 107> g

12.01_" X

SKILL-BUILDING EXERCISE

1. What is the average mass of a tin atom in grams? The atomic mass of tin is
118.71 u.

CONCEPT REVIEW EXERCISES

1. Define atomic mass. Why is it considered a weighted average?

2. What is an atomic mass unit?

ANSWERS

1. The atomic mass is an average of an element’s atomic masses, weighted by the
natural abundance of each isotope of that element. It is a weighted average
because different isotopes have different masses.

2. An atomic mass unit is 1/12th of the mass of a 12¢ atom.
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KEY TAKEAWAY

+ Atoms have a mass that is based largely on the number of protons and
neutrons in their nucleus.

EXERCISES

1. What is the atomic mass of zinc in atomic mass units?

2. What is the atomic mass of barium in atomic mass units?

3. What is the average mass of a single magnesium atom in grams?
4. What is the average mass of a single calcium atom in grams?

5. What is the mass of 1.00 x 1024 aluminum atoms in grams?

6. What is the mass of 5.00 x 1023 carbon atoms in grams?

7. Which has more mass—1 tungsten atom or 11 oxygen atoms?

8. Which has more mass—1 magnesium atom or 6 helium atoms?

ANSWERS

1. 65.4u
3. 4.04x10 %3¢
5. 44.8¢g

7. 1 tungsten atom
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2.6 Arrangements of Electrons

13. The modern theory of electron
behavior.

14. Having a fixed value.

15. A grouping of electrons within
an atom.

16. A grouping of electrons within
a shell.

LEARNING OBJECTIVE

1. Describe how electrons are grouped within atoms.

Although we have discussed the general arrangement of subatomic particles in
atoms, we have said little about how electrons occupy the space about the nucleus.
Do they move around the nucleus at random, or do they exist in some ordered
arrangement?

The modern theory of electron behavior is called quantum mechanics'’. It makes
the following statements about electrons in atoms:

+ Electrons in atoms can have only certain specific energies. We say that
the energies of the electrons are quantized™.

* Electrons are organized according to their energies into sets called
shells'. Generally the higher the energy of a shell, the farther it is (on
average) from the nucleus. Shells do not have specific, fixed distances
from the nucleus, but an electron in a higher-energy shell will spend
more time farther from the nucleus than does an electron in a lower-
energy shell.

« Shells are further divided into subsets of electrons called subshells'®.
The first shell has only one subshell, the second shell has two subshells,
the third shell has three subshells, and so on. The subshells of each
shell are labeled, in order, with the letters s, p, d, and f. Thus, the first
shell has only an s subshell, the second shell has an s and a p subshell,
the third shell has s, p, and d subshells, and so forth.

« Different subshells hold a different maximum number of electrons. Any
s subshell can hold up to 2 electrons; p, 6; d, 10; and f, 14.

It is the arrangement of electrons into shells and subshells that most concerns us
here, so we will focus on that.

We use numbers to indicate which shell an electron is in. The first shell, closest to

the nucleus and with the lowest-energy electrons, is shell 1. This first shell has only
one subshell, which is labeled s and can hold a maximum of 2 electrons. We combine
the shell and subshell labels when referring to the organization of electrons about a
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17. A shorthand description of the
arrangement of electrons in an
atom.

2.6 Arrangements of Electrons

nucleus and use a superscript to indicate how many electrons are in a subshell.
Thus, because a hydrogen atom has its single electron in the s subshell of the first
shell, we use 1s' to describe the electronic structure of hydrogen. This structure is
called an electron configuration'’. Electron configurations are shorthand
descriptions of the arrangements of electrons in atoms. The electron configuration
of a hydrogen atom is spoken out loud as “one-ess-one.”

Helium atoms have 2 electrons. Both electrons fit into the 1s subshell because s
subshells can hold up to 2 electrons; therefore, the electron configuration for
helium atoms is 1s? (spoken as “one-ess-two”).

The 1s subshell cannot hold 3 electrons (because an s subshell can hold a maximum
of 2 electrons), so the electron configuration for a lithium atom cannot be 153, Two
of the lithium electrons can fit into the 1s subshell, but the third electron must go
into the second shell. The second shell has two subshells, s and p, which fill with
electrons in that order. The 2s subshell holds a maximum of 2 electrons, and the 2p
subshell holds a maximum of 6 electrons. Because lithium’s final electron goes into
the 2s subshell, we write the electron configuration of a lithium atom as 1s%2s”.

The next largest atom, beryllium, has 4 electrons, so its electron configuration is
15%25%. Now that the 2s subshell is filled, electrons in larger atoms start filling the 2p
subshell. Thus, the electron configurations for the next six atoms are as follows:

B: 1522522p1
C: 1522322;)2
N: 1522522;)3
0: 1522522p4
F: 1522522p5
Ne: 1522522p6

With neon, the 2p subshell is completely filled. Because the second shell has only
two subshells, atoms with more electrons now must begin the third shell. The third
shell has three subshells, labeled s, p, and d. The d subshell can hold a maximum of
10 electrons. The first two subshells of the third shell are filled in order—for
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18. An electron in the highest-
numbered shell of an atom.

19. The highest-numbered shell of
an atom that contains
electrons.

20. An electron in a lower-
numbered shell of an atom.

2.6 Arrangements of Electrons

example, the electron configuration of aluminum, with 13 electrons, is
15%25%2p°35%3p’. However, a curious thing happens after the 3p subshell is filled: the
4s subshell begins to fill before the 3d subshell does. In fact, the exact ordering of
subshells becomes more complicated at this point (after argon, with its 18
electrons), so we will not consider the electron configurations of larger atoms.

A fourth subshell, the f subshell, is needed to complete the electron configurations
for all elements. An f subshell can hold up to 14 electrons.

EXAMPLE 7

What is the electron configuration of a neutral phosphorus atom?
Solution

A neutral phosphorus atom has 15 electrons. Two electrons can go into the
1s subshell, 2 can go into the 2s subshell, and 6 can go into the 2p subshell.
That leaves 5 electrons. Of those 5 electrons, 2 can go into the 3s subshell,
and the remaining 3 electrons can go into the 3p subshell. Thus, the electron
configuration of neutral phosphorus atoms is 1s%2s%2p®3s%3p>.

SKILL-BUILDING EXERCISE

1. What is the electron configuration of a neutral chlorine atom?

Chemistry results from interactions between the outermost shells of electrons on
different atoms. Thus, it is convenient to separate electrons into two groups.
Valence shell electrons'® (or, more simply, the valence electrons) are the electrons
in the highest-numbered shell, or valence shell'’, while core electrons® are the
electrons in lower-numbered shells. We can see from the electron configuration of a
carbon atom—lsZZSZZpZ—that it has 4 valence electrons (2522p2) and 2 core
electrons (1s%).
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EXAMPLE 8

From the electron configuration of neutral phosphorus atoms in Example 7,
how many valence electrons and how many core electrons does a neutral
phosphorus atom have?

Solution

The highest-numbered shell is the third shell, which has 2 electrons in the 3s
subshell and 3 electrons in the 3p subshell. That gives a total of 5 electrons,
so neutral phosphorus atoms have 5 valence electrons. The 10 remaining
electrons, from the first and second shells, are core electrons.

SKILL-BUILDING EXERCISE

1. From the electron configuration of neutral chlorine atoms (see the Skill-
Building Exercise following Example 7), how many valence electrons and how
many core electrons does a neutral chlorine atom have?

CONCEPT REVIEW EXERCISES

1. How are electrons organized in atoms?
2. What information does an electron configuration convey?

3. What is the difference between core electrons and valence electrons?

ANSWERS

1. Electrons are organized into shells and subshells around nuclei.

2. The electron configuration states the arrangement of electrons in shells and

subshells.

3. Valence electrons are in the highest-numbered shell; all other electrons are
core electrons.
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KEY TAKEAWAY

« Electrons are organized into shells and subshells about the nucleus of an
atom.

EXERCISES

1. What is the maximum number of electrons that can fit in an s subshell? Does it
matter what shell the s subshell is in?

2. What is the maximum number of electrons that can fit in a p subshell? Does it
matter what shell the p subshell is in?

3. What is the maximum number of electrons that can fit in a d subshell? Does it
matter what shell the d subshell is in?

4, What is the maximum number of electrons that can fit in an f subshell? Does it
matter what shell the f subshell is in?

5. What is the electron configuration of a carbon atom?

6. What is the electron configuration of a sulfur atom?

7. What is the valence shell electron configuration of a calcium atom?
8. What is the valence shell electron configuration of a selenium atom?

225227)5 ?

9. What atom has the electron configuration 1s
10. What atom has the electron configuration 1522522p63523p3?
11. Draw a representation of the electronic structure of an oxygen atom.
12. Draw a representation of the electronic structure of a phosphorus atom.
13. A potassium atom has ____ core electrons and valence electrons.

_core electrons and ____ valence electrons.

14. A silicon atom has _
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ANSWERS

1. 2;no

3. 10;no

5. 1s%25%2p2

7. 452

9. fluorine

11.
13. 18;1
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2.7 The Periodic Table

21. A chart of elements that
groups the elements by some
of their properties.

LEARNING OBJECTIVES

1. Explain how elements are organized into the periodic table.
2. Describe how some characteristics of elements relate to their positions
on the periodic table.

In the 19th century, many previously unknown elements were discovered, and
scientists noted that certain sets of elements had similar chemical properties. For
example, chlorine, bromine, and iodine react with other elements (such as sodium)
to make similar compounds. Likewise, lithium, sodium, and potassium react with
other elements (such as oxygen) to make similar compounds. Why is this so?

In 1864, Julius Lothar Meyer, a German chemist, organized the elements by atomic
mass and grouped them according to their chemical properties. Later that decade,
Dmitri Mendeleev, a Russian chemist, organized all the known elements according
to similar properties. He left gaps in his table for what he thought were
undiscovered elements, and he made some bold predictions regarding the
properties of those undiscovered elements. When elements were later discovered
whose properties closely matched Mendeleev’s predictions, his version of the table
gained favor in the scientific community. Because certain properties of the
elements repeat on a regular basis throughout the table (that is, they are periodic),
it became known as the periodic table*.

Note

Mendeleev had to list some elements out of the order of their atomic masses to
group them with other elements that had similar properties.

The periodic table is one of the cornerstones of chemistry because it organizes all
the known elements on the basis of their chemical properties. A modern version is
shown in Figure 2.7 "A Modern Periodic Table". Most periodic tables provide
additional data (such as atomic mass) in a box that contains each element’s symbol.
The elements are listed in order of atomic number.
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22. A column of elements on the
periodic table.

2.7 The Periodic Table

Figure 2.7 A Modern Periodic Table

1

B = Solids

Hg = Liquids

Kr = Gases

= Not found in nature

A modern periodic table lists elements left to right by atomic number.

Features of the Periodic Table

Elements that have similar chemical properties are grouped in columns called
groups (or families)?’. As well as being numbered, some of these groups have
names—for example, alkali metals (the first column of elements), alkaline earth metals
(the second column of elements), halogens (the next-to-last column of elements),

and noble gases (the last column of elements).

Note

The word halogen comes from the Greek for “salt maker” because these
elements combine with other elements to form a group of compounds called

salts.

18
1 2
He
1.00794 2 13 14 15 16 17 | 4002602
3 4 5 7 8 9 10
Li | Be F | Ne
6.941 9.012182 10811 12,0107 |14.00674 | 15.9994 | 189984032 [ 20.1797
11 12 13 14 15 16 17 18
Na | M Al | Si Cl | Ar
22.989770| 24.3050 3 4 5 6 7 8 9 10 n 12 |76581538] 280855 [30.973761| 32066 | 354527 | 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ca | Sc | Ti Cr {[Mn| Fe | Co| Ni [Cu |Zn | Ga | Ge | As | Se | Br | Kr
39.0983 40.078 |44.955910( 47.867 50.9415 | 51.9961 |54.938049| 55.845 |58.933200( 58.6534 63.545 65.39 69.723 7261 74.92160 78.96 79.504 83.80
37 38 39 40 4 42 43 44 45 46 47 48 49 50 51 e i3 54
Rb | Sr Zr | Nb | Mo Ru | Rh | Pd Cd| In|[Sn |Sb | Te | Xe
85.4678 87.62 88.90585 91.224 | 92.90638 95.94 (98) 101.07 |102.90550| 106.42 |196.56655( 112.411 114.818 | 118.710 | 121.760 127.60 |126.90447| 131.29
55 56 71 72 73; 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs |Ba|Lu|Hf | Ta|W |Re |[Os | Ir | Pt |[Au|Hg | Tl | Pb| Bi |Po| At | Rn
132.90545( 137.327 | 174.967 178.49 180.94.79| 183.84 186.207 190.23 192.217 | 195.078 |196.56655| 200.59 204.3833 207.2 [208.58038 (209) (210) (222)
87 88 103 104 105 106 107 108 109 110 m 2 113 114 1S, 116 118
Fr | Ra
(223) (226) (262) (261) (262) (263) (262) (265) (266) (269) (272) (277) 277) @277 (277) (277) (277)
57 58 59 60 61 62 63 64 65 66 67 68 69 70
Lla | Ce | Pr | Nd Sm| Eu|Gd|Tb | Dy [Ho | Er | Tm | Yb
138.9055 | 140.116 |140.50765| 144.24 (145) 150.36 151.964 157.25 |158.92534| 162.50 |164.93032| 167.26 [168.93421| 173.04
89 90 a1 92 93 94 95 96 97 98 99 100 101 102
Ac | Th | Pa
232.0381 | 232.0381 | 231.035888 | 238.0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259)
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23. A row of elements on the
periodic table.

24. An element that is shiny,
typically silvery in color, an
excellent conductor of heat
and electricity, malleable, and
ductile.

25. An element that is typically
dull, not a good conductor of
heat and electricity, and
brittle.

2.7 The Periodic Table

To Your Health: Radon

Radon is an invisible, odorless noble gas that is slowly released from the
ground, particularly from rocks and soils whose uranium content is high.
Because it is a noble gas, radon is not chemically reactive. Unfortunately, it is
radioactive, and increased exposure to it has been correlated with an increased
lung cancer risk.

Because radon comes from the ground, we cannot avoid it entirely. Moreover,
because it is denser than air, radon tends to accumulate in basements, which if
improperly ventilated can be hazardous to a building’s inhabitants.
Fortunately, specialized ventilation minimizes the amount of radon that might
collect. Special fan-and-vent systems are available that draw air from below the
basement floor, before it can enter the living space, and vent it above the roof
of a house.

After smoking, radon is thought to be the second-biggest preventable cause of
lung cancer in the United States. The American Cancer Society estimates that
10% of all lung cancers are related to radon exposure. There is uncertainty
regarding what levels of exposure cause cancer, as well as what the exact causal
agent might be (either radon or one of its breakdown products, many of which
are also radioactive and, unlike radon, not gases). The US Environmental
Protection Agency recommends testing every floor below the third floor for
radon levels to guard against long-term health effects.

Each row of elements on the periodic table is called a period®. Periods have
different lengths; the first period has only 2 elements (hydrogen and helium), while
the second and third periods have 8 elements each. The fourth and fifth periods
have 18 elements each, and later periods are so long that a segment from each is
removed and placed beneath the main body of the table.

Certain elemental properties become apparent in a survey of the periodic table as a
whole. Every element can be classified as either a metal, a nonmetal, or a
semimetal, as shown in Figure 2.8 "Types of Elements". A metal® is a substance that
is shiny, typically (but not always) silvery in color, and an excellent conductor of
electricity and heat. Metals are also malleable (they can be beaten into thin sheets)
and ductile (they can be drawn into thin wires). A nonmetal® is typically dull and a
poor conductor of electricity and heat. Solid nonmetals are also very brittle. As
shown in Figure 2.8 "Types of Elements", metals occupy the left three-fourths of the
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26.

27.

28.

29.

An element whose properties
are intermediate between
metals and nonmetals.

An element in the first two or
the last six columns on the
periodic table.

An element between the main
group elements on the periodic
table.

An element in the two rows
beneath the main body on the
periodic table. Such metals are
also called the lanthanide and
actinide elements.

2.7 The Periodic Table

periodic table, while nonmetals (except for hydrogen) are clustered in the upper
right-hand corner of the periodic table. The elements with properties intermediate
between those of metals and nonmetals are called semimetals (or metalloids)?.
Elements adjacent to the bold line in the right-hand portion of the periodic table
have semimetal properties.

Figure 2.8 Types of Elements

Elements are either metals, nonmetals, or semimetals. Each group is located in a different part of the periodic table.

Another way to categorize the elements of the periodic table is shown in Figure 2.9
"Special Names for Sections of the Periodic Table". The first two columns on the left
and the last six columns on the right are called the main group elements”. The
ten-column block between these columns contains the transition metals”. The
two rows beneath the main body of the periodic table contain the inner transition
metals®’. The elements in these two rows are also referred to as, respectively, the
lanthanide metals and the actinide metals.
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Figure 2.9 Special Names for Sections of the Periodic Table

/ Main group elements \

Alkaline earth metals

Alkali metals
Noble gases

Actinide metals

Some sections of the periodic table have special names. The elements lithium, sodium, potassium, rubidium, cesium,
and francium are collectively known as alkali metals.
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2.7 The Periodic Table

To Your Health: Transition Metals in the Body

According to Table 2.2 "Elemental Composition of a Human Body", most of the
elemental composition of the human body consists of main group elements.

The first element appearing on the list that is not a main group element is iron,
at 0.006 percentage by mass. Because iron has relatively massive atoms, it
would appear even lower on a list organized in terms of percent by atoms rather
than percent by mass.

Iron is a transition metal. Transition metals have interesting chemical
properties, partially because some of their electrons are in d subshells. (For
more information about electron shells, see Section 2.6 "Arrangements of
Electrons".) The chemistry of iron makes it a key component in the proper
functioning of red blood cells.

Red blood cells are cells that transport oxygen from the lungs to cells of the
body and then transport carbon dioxide from the cells to the lungs. Without red
blood cells, animal respiration as we know it would not exist. The critical part
of the red blood cell is a protein called hemoglobin. Hemoglobin combines with
oxygen and carbon dioxide, transporting these gases from one location to
another in the body. Hemoglobin is a relatively large molecule, with a mass of
about 65,000 u.

The crucial atom in the hemoglobin protein is iron. Each hemoglobin molecule
has four iron atoms, which act as binding sites for oxygen. It is the presence of
this particular transition metal in your red blood cells that allows you to use
the oxygen you inhale.

Other transition metals have important functions in the body, despite being
present in low amounts. Zinc is needed for the body’s immune system to
function properly, as well as for protein synthesis and tissue and cell growth.
Copper is also needed for several proteins to function properly in the body.
Manganese is needed for the body to metabolize oxygen properly. Cobalt is a
necessary component of vitamin B-12, a vital nutrient. (For more information
about proteins and vitamins, see Chapter 18 "Amino Acids, Proteins, and
Enzymes".) These last three metals are not listed explicitly in Table 2.2
"Elemental Composition of a Human Body", so they are present in the body in
very small quantities. However, even these small quantities are required for the
body to function properly.
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2.7 The Periodic Table

The periodic table is organized on the basis of similarities in elemental properties,
but what explains these similarities? It turns out that the shape of the periodic table
reflects the filling of subshells with electrons, as shown in Figure 2.10 "The Shape of
the Periodic Table". Starting with the first period and going from left to right, the

table reproduces the order of filling of the electron subshells in atoms.
Furthermore, elements in the same column share the same valence shell electron
configuration. For example, all elements in the first column have a single s electron

in their valence shells, so their electron configurations can be described as ns

(where n represents the shell number). This last observation is crucial. Chemistry is
largely the result of interactions between the valence electrons of different atoms.

Thus, atoms that have the same valence shell electron configuration will have
similar chemistry.

Figure 2.10 The Shape of the Periodic Table

< 1s >
2s 2p
3s 3p
4s 3d 4p
5s 4d 5p
6s 5d 6p
4f
5f

The shape of the periodic table reflects the order in which electron shells and subshells fill with electrons.
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EXAMPLE 9

Using the variable n to represent the number of the valence electron shell,
write the valence shell electron configuration for each group.

1. the alkaline earth metals
2. the column of elements headed by carbon

Solution

1. The alkaline earth metals are in the second column of the periodic table.
This column corresponds to the s subshell being filled with 2 electrons.
Therefore, the valence shell electron configuration is ns?.

2. The electron configuration of carbon is 1s%2s*2p®. Its valence shell
electron configuration is 2s>2p”. Every element in the same column
should have a similar valence shell electron configuration, which we can
represent as ns’np”.

SKILL-BUILDING EXERCISE

Using the variable n to represent the number of the valence electron shell,
write the valence shell electron configuration for each group.

1. the halogens

2. the column of elements headed by oxygen

Atomic Radius

The periodic table is useful for understanding atomic properties that show periodic
trends. One such property is the atomic radius® (Figure 2.11 "Trends on the
Periodic Table"). As mentioned earlier, the higher the shell number, the farther
from the nucleus the electrons in that shell are likely to be. In other words, the size
of an atom is generally determined by the number of the valence electron shell.
Therefore, as we go down a column on the periodic table, the atomic radius
increases. As we go across a period on the periodic table, however, electrons are
being added to the same valence shell; meanwhile, more protons are being added to
the nucleus, so the positive charge of the nucleus is increasing. The increasing
positive charge attracts the electrons more strongly, pulling them closer to the

30. The approximate size of an
atom.
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nucleus. Consequently, as we go across a period, the atomic radius decreases. These
trends are seen clearly in Figure 2.11 "Trends on the Periodic Table".

Figure 2.11 Trends on the Periodic Table

1A 8A

The relative sizes of the atoms show several trends with regard to the structure of the periodic table. Atoms become
larger going down a column and smaller going across a period.
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EXAMPLE 10

Using the periodic table (rather than Figure 2.11 "Trends on the Periodic
Table"), which atom is larger?

1. NorBi
2. Mgor(l
Solution

1. Because Bi is below N on the periodic table and has electrons in higher-
numbered shells, we expect that Bi atoms are larger than N atoms.

2. Both Mg and Cl are in period 3 of the periodic table, but Cl lies farther to
the right. Therefore we expect Mg atoms to be larger than Cl atoms.

SKILL-BUILDING EXERCISE

Using the periodic table (rather than Figure 2.11 "Trends on the Periodic
Table"), which atom is larger?

1. LiorF

2. NaorK

Career Focus: Clinical Chemist

Clinical chemistry is the area of chemistry concerned with the analysis of body
fluids to determine the health status of the human body. Clinical chemists
measure a variety of substances, ranging from simple elements such as sodium
and potassium to complex molecules such as proteins and enzymes, in blood,
urine, and other body fluids. The absence or presence, or abnormally low or
high amounts, of a substance can be a sign of some disease or an indication of
health. Many clinical chemists use sophisticated equipment and complex
chemical reactions in their work, so they not only need to understand basic
chemistry, but also be familiar with special instrumentation and how to
interpret test results.
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CONCEPT REVIEW EXERCISES

1. How are the elements organized into the periodic table?
2. Looking at the periodic table, where do the following elements appear?

the metals

the nonmetals

the halogens

the transition metals

g0 op

3. Describe the trends in atomic radii as related to an element’s position on the
periodic table.

ANSWERS

1. Elements are organized by atomic number.

the left three-quarters of the periodic table
the right quarter of the periodic table

the next-to-last column of the periodic table
d. the middle section of the periodic table

o o

3. Asyou go across the periodic table, atomic radii decrease; as you go down the
periodic table, atomic radii increase.

KEY TAKEAWAYS

¢ The chemical elements are arranged in a chart called the periodic table.
« Some characteristics of the elements are related to their position on the
periodic table.
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EXERCISES

1.

Which elements have chemical properties similar to those of magnesium?

O 0 O p

sodium
fluorine
calcium
barium
selenium

Which elements have chemical properties similar to those of lithium?

e 80 Op

sodium
calcium
beryllium
barium
potassium

Which elements have chemical properties similar to those of chlorine?

O 0 Op

sodium
fluorine
calcium
iodine
sulfur

Which elements have chemical properties similar to those of carbon?

e 80 Op

silicon
oxygen
germanium
barium
argon

Which elements are alkali metals?

O 80 Op

sodium
magnesium
aluminum
potassium
calcium

Which elements are alkaline earth metals?

a.

sodium

b. magnesium
c. aluminum

2.7 The Periodic Table
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d. potassium
e. calcium

7. Which elements are halogens?

a. oxygen
b. fluorine
c. chlorine
d. sulfur

e. carbon

8. Which elements are noble gases?

helium
hydrogen
oxygen
neon
chlorine

e o0 Op

9. Which pairs of elements are located in the same period?

H and Li
H and He
Naand S
Na and Rb

0 op

10. Which pairs of elements are located in the same period?

V and Nb
K and Br
Na and P
Li and Mg

o op

11. In each pair of atoms, which atom has the greater atomic radius?

H and Li
N and P
Cland Ar
Al and Cl

o op

12. In each pair of atoms, which atom has the greater atomic radius?

H and He
N and F
Cl and Br
Al and B

o op

2.7 The Periodic Table
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13. Scandium is a (metal, nonmetal, semimetal) and is a member of the (main
group elements, transition metals).

14. Silicon is a (metal, nonmetal, semimetal) and is a member of the (main group
elements, transition metals).
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ANSWERS

2.7 The Periodic Table

11.

13.

no
no
yes
yes
no

e 80 Op

no
yes
no
yes
no

e 80 Op

yes
no
no
yes
no

e o0 Op

no
yes
yes
no
no

e 0 Op

no
yes

yes
no

0 op

Li
P

cl
Al

o op

metal; transition metals
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2.8 End-of-Chapter Material
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Chapter Summary

To ensure that you understand the material in this chapter, you should review the meanings of the following bold terms and
ask yourself how they relate to the topics in the chapter.

An element is a substance that cannot be broken down into simpler chemical substances. Only about 90
naturally occurring elements are known. They have varying abundances on Earth and in the body. Each element
has a one- or two-letter chemical symbol.

The modern atomic theory states that the smallest piece of an element is an atom. Individual atoms are
extremely small, on the order of 10 m across. Most elements exist in pure form as individual atoms, but some
exist as diatomic molecules. Atoms themselves are composed of subatomic particles. The electron is a tiny
subatomic particle with a negative charge. The proton has a positive charge and, while small, is much larger
than the electron. The neutron is also much larger than an electron but has no electrical charge.

Protons, neutrons, and electrons have a specific arrangement in an atom. The protons and neutrons are found in
the center of the atom, grouped together into a nucleus. The electrons are found in fuzzy clouds around the
nucleus.

Each element has a characteristic number of protons in its nucleus. This number of protons is the atomic
number of the element. An element may have different numbers of neutrons in the nuclei of its atoms; such
atoms are referred to as isotopes. Two isotopes of hydrogen are deuterium, with a proton and a neutron in its
nucleus, and tritium, with a proton and two neutrons in its nucleus. The sum of the numbers of protons and
neutrons in a nucleus is called the mass number and is used to distinguish isotopes from each other.

Masses of individual atoms are measured in atomic mass units. An atomic mass unit is equal to 1/12th of the
mass of a single carbon-12 atom. Because different isotopes of an element have different masses, the atomic
mass of an element is a weighted average of the masses of all the element’s naturally occurring isotopes.

The modern theory of electron behavior is called quantum mechanics. According to this theory, electrons in
atoms can only have specific, or quantized, energies. Electrons are grouped into general regions called shells,
and within these into more specific regions called subshells. There are four types of subshells, and each type
can hold up to a maximum number of electrons. The distribution of electrons into shells and subshells is the
electron configuration of an atom. Chemistry typically occurs because of interactions between the electrons of
the outermost shell of different atoms, called the valence shell electrons. Electrons in inner shells are called core
electrons.
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Elements are grouped together by similar chemical properties into a chart called the periodic table. Vertical
columns of elements are called groups or families. Some of the groups of elements have names, like the alkali
metals, the alkaline earth metals, the halogens, and the noble gases. A horizontal row of elements is called a
period. Periods and groups have differing numbers of elements in them. The periodic table separates elements
into metals, nonmetals, and semimetals. The periodic table is also separated into main group elements,
transition metals, lanthanide elements, and actinide elements. The lanthanide and actinide elements are also
referred to as inner transition metal elements. The shape of the periodic table reflects the sequential filling of
shells and subshells in atoms.

The periodic table helps us understand trends in some of the properties of atoms. One such property is the
atomic radius of atoms. From top to bottom of the periodic table, atoms get bigger because electrons are
occupying larger and bigger shells. From left to right across the periodic table, electrons are filling the same
shell but are being attracted by an increasing positive charge from the nucleus, and thus the atoms get smaller.
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ADDITIONAL EXERCISES

1.

10.

11.

12.

2.8 End-of-Chapter Material

If the atomic radius of sodium atoms is 1.86 x 10~ 1° m, how many sodium

atoms are needed to make a line that is 1.00 cm in length?

If the atomic radius of osmium atoms is 1.34 x 10" 1% m, how many osmium

atoms are needed to make a line that is 5.85 m in length?

What might be the electron configuration of K*, an atom that has lost an
electron?

What might be the electron configuration of Cl”, an atom that has gained an
additional electron?

The electron configuration of the Ti atom is 1522522p63523p64523d2. What is

the valence shell electron configuration of Ti?

The electron configuration of the Ge atom is 1522522p63523p64523d104p2. What

is the valence shell electron configuration of Ge?
What is the mass of an electron in atomic mass units?

In a footnote in this chapter, an alpha particle was defined as a particle with 2
protons and 2 neutrons. What is the mass, in grams, of an alpha particle? (Hint:
what element does an alpha particle resemble?)

A sample of the nonexistent element mythium consists of 25.59% of an isotope
with mass number 580, 32.74% of an isotope with mass number 582, and 41.67%
of an isotope with mass number 581. What is the atomic mass of mythium?

Because the distribution of isotopes is different on different planets in the
solar system, the average atomic mass of any element differs from planet to
planet. Assume that on Mercury, a rather hot planet, there is more deuterium
left in the atmosphere than on Earth, so that 92.55% of the hydrogen on
Mercury is 14, while the remainder is 2H. What is the atomic mass of hydrogen
on Mercury?

The compound that sodium makes with chlorine has sodium and chlorine
atoms in a 1:1 ratio. Name two other elements that should make a compound
having a 1:1 ratio of atoms with sodium.

The compound that magnesium makes with oxygen has magnesium to oxygen
atoms in a 1:1 ratio. Name two other elements that should make a compound
having a 1:1 ratio of atoms with magnesium.
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ANSWERS

2.8 End-of-Chapter Material

1.

3

11.

5.38 x 107 atoms
1522522;363523;36
452
0.000545 u
581.1u

potassium and bromine (answers will vary)
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Chapter 3

Ionic Bonding and Simple Ionic Compounds

Opening Essay

We will see that the word salt has a specific meaning in chemistry, but to most people, this word refers to table
salt. This kind of salt is used as a condiment throughout the world, but it was not always so abundant. Two
thousand years ago, Roman soldiers received part of their pay as salt, which explains why the words salt and
salary come from the same Latin root (salarium). Today, table salt is either mined or obtained from the
evaporation of saltwater.

Table salt is sodium chloride (NaCl), which is a simple compound of two elements that are necessary for the
human body to function properly. Sodium, for example, is important for nerve conduction and fluid balance. In
fact, human blood is about a 0.9% sodium chloride solution, and a solution called normal saline is commonly
administered intravenously in hospitals.

Although some salt in our diets is necessary to replenish the sodium and chloride ions that we excrete in urine
and sweat, too much is unhealthy, and many people may be ingesting more salt than their bodies need. The RDI
of sodium is 2,400 mg—the amount in about 1 teaspoon of salt—but the average intake of sodium in the United
States is between 4,000 mg and 5,000 mg, partly because salt is a common additive in many prepared foods.
Previously, the high ingestion of salt was thought to be associated with high blood pressure, but current
research does not support this link. Even so, some doctors still recommend a low-salt diet (never a “no-salt”
diet) for patients with high blood pressure, which may include using a salt substitute. Most salt substitutes use
potassium instead of sodium, but some people complain that the potassium imparts a slightly bitter taste.

There are only 118 known chemical elements but tens of millions of known

chemical compounds. Compounds can be very complex combinations of atoms, but
many important compounds are fairly simple. Table salt, as we have seen, consists

of only two elements: sodium and chlorine. Nevertheless, the compound has
properties completely different from either elemental sodium (a chemically
reactive metal) or elemental chlorine (a poisonous, green gas). We will see
additional examples of such differences in this chapter and Chapter 4 "Covalent
Bonding and Simple Molecular Compounds", as we consider how atoms combine
form compounds.

to
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3.1 Two Types of Bonding

1. A very strong attraction
between two atoms.

2. The idea that atoms tend to
have eight electrons in their
valence shell.

3. A charged atom.

LEARNING OBJECTIVES

1. Define the octet rule.
2. Describe how ionic bonds are formed.

Atoms can join together by forming a chemical bond', which is a very strong
attraction between two atoms. Chemical bonds are formed when electrons in
different atoms interact with each other to make an arrangement that is more
stable than when the atoms are apart.

What causes atoms to make a chemical bond with other atoms, rather than
remaining as individual atoms? A clue comes by considering the noble gas elements,
the rightmost column of the periodic table. These elements—helium, neon, argon,
krypton, xenon, and radon—do not form compounds very easily, which suggests
that they are especially stable as lone atoms. What else do the noble gas elements
have in common? Except for helium, they all have eight valence electrons. Chemists
have concluded that atoms are especially stable if they have eight electrons in their
outermost shell. This useful rule of thumb is called the octet rule?, and it is a key to
understanding why compounds form.

Note

Of the noble gases, only krypton, xenon, and radon have been found to make
compounds.

There are two ways for an atom that does not have an octet of valence electrons to
obtain an octet in its outer shell. One way is the transfer of electrons between two
atoms until all atoms have octets. Because some atoms will lose electrons and some
atoms will gain electrons, there is no overall change in the number of electrons, but
individual atoms acquire a nonzero electric charge. Those that lose electrons
become positively charged, and those that gain electrons become negatively
charged. Charged atoms are called ions’. Because opposite charges attract (while
like charges repel), these oppositely charged ions attract each other, forming ionic
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bonds®. The resulting compounds are called ionic compounds® and are the primary
subject of this chapter.

The second way for an atom to obtain an octet of electrons is by sharing electrons
with another atom. These shared electrons simultaneously occupy the outermost
shell of more than one atom. The bond made by electron sharing is called a
covalent bond. Covalent bonding and covalent compounds will be discussed in
Chapter 4 "Covalent Bonding and Simple Molecular Compounds".

Note

Despite our focus on the octet rule, we must remember that for small atoms,
such as hydrogen, helium, and lithium, the first shell is, or becomes, the
outermost shell and hold only two electrons. Therefore, these atoms satisfy a
“duet rule” rather than the octet rule.

EXAMPLE 1

A sodium atom has one valence electron. Do you think it is more likely for a
sodium atom to lose one electron or gain seven electrons to obtain an octet?

Solution

Although either event is possible, a sodium atom is more likely to lose its
single valence electron. When that happens, it becomes an ion with a net
positive charge. This can be illustrated as follows:

Sodium atom Sodium ion
11 protons | 11+ 11 protons | 11+
11 electrons | 11- 10 electrons | 10-
0 overall charge +1 overall charge

4. An attraction between
oppositely charged ions.

5. A compound formed with an
ionic bond.
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SKILL-BUILDING EXERCISE

1. A fluorine atom has seven valence electrons. Do you think it is more likely for a
fluorine atom to lose seven electrons or gain one electron to obtain an octet?

CONCEPT REVIEW EXERCISES

1. What is the octet rule?

2. How are ionic bonds formed?

ANSWERS

1. The octet rule is the concept that atoms tend to have eight electrons in their
valence electron shell.

2. Ionic bonds are formed by the attraction between oppositely charged ions.

KEY TAKEAWAYS

+ Atoms have a tendency to have eight electrons in their valence shell.
« The attraction of oppositely charged ions is what makes ionic bonds.
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EXERCISES

1. Why is an ionic compound unlikely to consist of two positively charged ions?
2. Why is an ionic compound unlikely to consist of two negatively charged ions?

3. A calcium atom has two valence electrons. Do you think it will lose two

electrons or gain six electrons to obtain an octet in its outermost electron
shell?

4. An aluminum atom has three valence electrons. Do you think it will lose three
electrons or gain five electrons to obtain an octet in its outermost electron

shell?

5. A selenium atom has six valence electrons. Do you think it will lose six
electrons or gain two electrons to obtain an octet in its outermost electron

shell?

6. Aniodine atom has seven valence electrons. Do you think it will lose seven

electrons or gain one electron to obtain an octet in its outermost electron
shell?

ANSWERS

1. Positive charges repel each other, so an ionic compound is not likely between
two positively charged ions.

3. It is more likely to lose two electrons.

5. It is more likely to gain two electrons.
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3.2 Ions

6. A positively charged ion.

7. A negatively charged ion.

LEARNING OBJECTIVES

1. Define the two types of ions.
2. Use Lewis diagrams to illustrate ion formation.

Most atoms do not have eight electrons in their valence electron shell. Some atoms
have only a few electrons in their outer shell, while some atoms lack only one or
two electrons to have an octet. In cases where an atom has three or fewer valence
electrons, the atom may lose those valence electrons quite easily until what
remains is a lower shell that contains an octet. Atoms that lose electrons acquire a
positive charge as a result because they are left with fewer negatively charged
electrons to balance the positive charges of the protons in the nucleus. Positively
charged ions are called cations®. Most metals become cations when they make ionic
compounds.

Some atoms have nearly eight electrons in their valence shell and can gain
additional valence electrons until they have an octet. When these atoms gain
electrons, they acquire a negative charge because they now possess more electrons
than protons. Negatively charged ions are called anions’. Most nonmetals become
anions when they make ionic compounds.

Note

The names for positive and negative ions are pronounced CAT-eye-ons and
ANN-eye-ons, respectively.

Electron Transfer

We can use electron configurations to illustrate the electron transfer process
between sodium atoms and chlorine atoms. Recall the electron configuration of
sodium from Chapter 2 "Elements, Atoms, and the Periodic Table":

Na: 15%25%2p°®3s!
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As demonstrated in Example 1 (in Section 3.1 "Two Types of Bonding"), sodium is
likely to achieve an octet in its outermost shell by losing its one valence electron.
The remaining species has the following electron configuration:

Na —— Na* + e

SR
152 2s% 2p®

The cation produced in this way, Na®, is called the sodium ion to distinguish it from
the element. The outermost shell of the sodium ion is the second electron shell,
which has eight electrons in it. The octet rule has been satisfied. Figure 3.1 "The
Formation of a Sodium Ion" is a graphical depiction of this process.

Figure 3.1 The Formation of a Sodium Ion

11 protons 11 protons

11 electrons 10 electrons

= zero overall = 1+ overall
charge charge

Na

On the left, a sodium atom has 11 electrons. On the right, the sodium ion only has 10 electrons and a 1+ charge.

A chlorine atom has the following electron configuration:
Cl: 1s%25%2p%3s%3p°

Only one more electron is needed to achieve an octet in chlorine’s valence shell. (In
table salt, this electron comes from the sodium atom.) The electron configuration of
the new species that results is as follows:

e + C — d

T
1.5 25% 2p° 3% 3p°
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3.2 Ions

In this case, the ion has the same outermost shell as the original atom, but now that
shell has eight electrons in it. Once again, the octet rule has been satisfied. The
resulting anion, Cl, is called the chloride ion; note the slight change in the suffix
(-ide instead of -ine) to create the name of this anion. Figure 3.2 "The Formation of a
Chlorine Ion" is a graphical depiction of this process.

Figure 3.2 The Formation of a Chlorine lon

17 protons 17 protons

17 electrons 18 electrons

= zero overall =1-overall
charge charge

@

On the left, the chlorine atom has 17 electrons. On the right, the chloride ion has 18 electrons and has a 1- charge.

With two oppositely charged ions, there is an electrostatic attraction between them
because opposite charges attract. The resulting combination is the compound
sodium chloride. Notice that there are no leftover electrons. The number of
electrons lost by the sodium atom (one) equals the number of electrons gained by
the chlorine atom (one), so the compound is electrically neutral. In macroscopic
samples of sodium chloride, there are billions and billions of sodium and chloride
ions, although there is always the same number of cations and anions.

In many cases, elements that belong to the same group (vertical column) on the
periodic table form ions with the same charge because they have the same number
of valence electrons. Thus, the periodic table becomes a tool for remembering the
charges on many ions. For example, all ions made from alkali metals, the first
column on the periodic table, have a 1+ charge. Ions made from alkaline earth
metals, the second group on the periodic table, have a 2+ charge. On the other side
of the periodic table, the next-to-last column, the halogens, form ions having a 1-
charge. Figure 3.3 "Predicting Ionic Charges" shows how the charge on many ions
can be predicted by the location of an element on the periodic table. Note the
convention of first writing the number and then the sign on a multiply charged ion.
The barium cation is written Ba%*, not Ba*2.
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Figure 3.3 Predicting lonic Charges

1A 8A
H+
2A 3A° 4A 5A 6A 7A
Li* N> |0 | F
Na* |Mg* AR P3| s> | CI-
K+ Ca2+ Sez, Br,
Rb* | Sr# |-

The charge that an atom acquires when it becomes an ion is related to the structure of the periodic table. Within a
group (family) of elements, atoms form ions of a certain charge.

Lewis Diagrams

Chemists use simple diagrams to show an atom’s valence electrons and how they
transfer. These diagrams have two advantages over the electron shell diagrams
introduced in Chapter 2 "Elements, Atoms, and the Periodic Table". First, they show
only valence electrons. Second, instead of having a circle around the chemical
symbol to represent the electron shell, they have up to eight dots around the
symbol; each dot represents a valence electron. These dots are arranged to the right
and left and above and below the symbol, with no more than two dots on a side. For
example, the representation for sodium is as follows:

Na.

and the representation for chlorine is as follows:
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8. A representation that shows
valence electrons as dots
around the chemical symbol of
an atom (also called Lewis
electron dot diagrams).

3.2 Ions

Note

It does not matter what sides the dots are placed on in Lewis diagrams as long
as each side has a maximum of two dots.

These diagrams are called Lewis electron dot diagrams, or simply Lewis
diagrams®, after Gilbert N. Lewis, the American chemist who introduced them.
Figure 3.4 "Lewis Diagrams of the Elements Lithium through Neon" shows the
electron configurations and Lewis diagrams of the elements lithium through neon,
which is the entire second period of the periodic table. For the main group
elements, the number of valence electrons is the same as the group number listed at
the top of the periodic table.

Figure 3.4 Lewis Diagrams of the Elements Lithium through Neon

Li«+ +Bee +Be +Cs «N: :0: :F: :Ne:

The transfer of electrons can be illustrated easily with Lewis diagrams:
Na.  + Cl: — Na* + (It — Nadl

\/"-o

In representing the final formula, the dots are omitted.
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3.2 Ions

EXAMPLE 2

Starting with lithium and bromine atoms, use Lewis diagrams to show the
formation of the ionic compound LiBr.

Solution

From the periodic table, we see that lithium is in the same column as
sodium, so it will have the same valence shell electron configuration. That
means that the neutral lithium atom will have the same Lewis diagram that
the sodium atom has. Similarly, bromine is in the same column as chlorine,
so it will have the same Lewis diagram that chlorine has. Therefore,

Li. + Br — Li* + iBr: —> LiBr

SKILL-BUILDING EXERCISE

1. Starting with magnesium and oxygen atoms, use Lewis diagrams to show the
formation of the ionic compound MgO.

Some ionic compounds have different numbers of cations and anions. In those
cases, electron transfer occurs between more than one atom. For example, here is
the formation of MgBr;:

[X) /\ (X oo _
‘Brr + Mg: + -Bri — Mgt + 2:Br: —— MgBr,

N

Most of the elements that make ionic compounds form an ion that has a
characteristic charge. For example, sodium makes ionic compounds in which the
sodium ion always has a 1+ charge. Chlorine makes ionic compounds in which the
chloride ion always has a 1- charge. Some elements, especially transition metals,
can form ions of multiple charges. Figure 3.5 "Charges of the Monatomic Ions"
shows the characteristic charges for some of these ions. As we saw in Figure 3.1
"The Formation of a Sodium Ion", there is a pattern to the charges on many of the
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main group ions, but there is no simple pattern for transition metal ions (or for the
larger main group elements).

Figure 3.5 Charges of the Monatomic lons

1A 8A
L 3A 4A 5A 6A TA
Li+
8B
Na®IMg™| 35 48 58 63 7B ) 1B 28
Tizt | V#* | Cr** |Mn?*| Fe** | Co** Cu*
+ 2+ 3+ it 2+
K* | Ca*t | Sc 1% | v | are [Mn®| e | com Ni Cu?t Zn
Rb+ Sr2+ Ag+ Cd2+ Sn2+
A ik
Cs* | Ba* A;; Pb2

Note that some atoms commonly form ions of different charges.

CONCEPT REVIEW EXERCISES

1. What are the two types of ions?

2. Use Lewis diagrams to illustrate the formation of an ionic compound from a
potassium atom and an iodine atom.

3. When the following atoms become ions, what charges do they acquire?

Li
S
Ca
F

o op
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ANSWERS

1. Cations have positive charges, and anions have negative charges.

2 K./T\,I;A. —
3. a. 1+

b. 2-

C. 2+

d. 1-

KEY TAKEAWAYS

« Ions can be positively charged or negatively charged.
¢ A Lewis diagram is used to show how electrons are transferred to make
ions and ionic compounds.
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EXERCISES

1. Identify each as a cation, an anion, or neither.

+

H
cl
02
Ba
CHg4
CS2

2+

m P 20 o

2. Identify each as a cation, an anion, or neither.

NH3
Br-
°
Hg2+
CCly

SO3

P a0 o

3. Write the electron configuration for each ion.

Li*
Mg
-

s2-

2+

0 op

4. Write the electron configuration for each ion.

+

Na
Be2+
cl
0%

0 op

5. Draw Lewis diagrams for the ions listed in Exercise 3. Also include Lewis
diagrams for the respective neutral atoms as a comparison.

6. Draw Lewis diagrams for the ions listed in Exercise 4. Also include Lewis
diagrams for the respective neutral atoms as a comparison.

7. Using Lewis diagrams, show the electron transfer for the formation of LiF.
8. Using Lewis diagrams, show the electron transfer for the formation of MgO.
9. Using Lewis diagrams, show the electron transfer for the formation of Li20.

10. Using Lewis diagrams, show the electron transfer for the formation of CaF3.
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11.

12.

13.

14.

What characteristic charge do atoms in the first column of the periodic table
have when they become ions?

What characteristic charge do atoms in the second column of the periodic
table have when they become ions?

What characteristic charge do atoms in the third-to-last column of the periodic
table have when they become ions?

What characteristic charge do atoms in the next-to-last column of the periodic
table have when they become ions?

ANSWERS

11.

13.

3.2 Ions

a. cation
b. anion
c. neither
d. cation
e. neither
f. neither
a. 1s2
b. 1522322p6
c. 1s%2s22p®
d. 1522522p63523p6
a Li-, Li

-Mgo' ,\/lngr
. N

. oo o
d ESs, 252
Ui+ F — L + iFT — LF
Ll\.t/o + Li — 2Li* + ::o::2 — Li,O

1+
2_
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3.3 Formulas for Ionic Compounds

9.

10.

11.

A concise list of the elements in
a compound and the ratios of
these elements.

A three-dimensional array of
alternating positive and
negative ions.

A set of oppositely charged
ions that compose an ionic
compound.

LEARNING OBJECTIVES

1. Write the chemical formula for a simple ionic compound.
2. Recognize polyatomic ions in chemical formulas.

We have already encountered some chemical formulas for simple ionic compounds.
A chemical formula® is a concise list of the elements in a compound and the ratios
of these elements. To better understand what a chemical formula means, we must
consider how an ionic compound is constructed from its ions.

Ionic compounds exist as alternating positive and negative ions in regular, three-
dimensional arrays called crystals'® (Figure 3.6 "A Sodium Chloride Crystal"). As
you can see, there are no individual NaCl “particles” in the array; instead, there is a
continuous lattice of alternating sodium and chloride ions. However, we can use the
ratio of sodium ions to chloride ions, expressed in the lowest possible whole
numbers, as a way of describing the compound. In the case of sodium chloride, the
ratio of sodium ions to chloride ions, expressed in lowest whole numbers, is 1:1, so
we use NaCl (one Na symbol and one Cl symbol) to represent the compound. Thus,
NaCl is the chemical formula for sodium chloride, which is a concise way of
describing the relative number of different ions in the compound. A macroscopic
sample is composed of myriads of NaCl pairs; each pair called a formula unit"".
Although it is convenient to think that NaCl crystals are composed of individual
NaCl units, Figure 3.6 "A Sodium Chloride Crystal" shows that no single ion is
exclusively associated with any other single ion. Each ion is surrounded by ions of
opposite charge.
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Figure 3.6 A Sodium Chloride Crystal

A crystal contains a three-dimensional array of alternating positive and negative ions. The precise pattern depends
on the compound. A crystal of sodium chloride, shown here, is a collection of alternating sodium and chlorine ions.

Note

In Section 3.2 "lons", we encountered LiBr and MgO, which are formulas for
other ionic compounds.

The formula for an ionic compound follows several conventions. First, the cation is
written before the anion. Because most metals form cations and most nonmetals
form anions, formulas typically list the metal first and then the nonmetal. Second,
charges are not written in a formula. Remember that in an ionic compound, the
component species are ions, not neutral atoms, even though the formula does not
contain charges. Finally, the proper formula for an ionic compound always obeys
the following rule: the total positive charge must equal the total negative charge. To
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determine the proper formula of any combination of ions, determine how many of
each ion is needed to balance the total positive and negative charges in the
compound.

Note

This rule is ultimately based on the fact that matter is, overall, electrically
neutral.

Note

By convention, assume that there is only one atom if a subscript is not present.
We do not use 1 as a subscript.

If we look at the ionic compound consisting of lithium ions and bromide ions, we
see that the lithium ion has a 1+ charge and the bromide ion has a 1- charge. Only
one ion of each is needed to balance these charges. The formula for lithium bromide
is LiBr.

When an ionic compound is formed from magnesium and oxygen, the magnesium
ion has a 2+ charge, and the oxygen atom has a 2- charge. Although both of these
ions have higher charges than the ions in lithium bromide, they still balance each
other in a one-to-one ratio. Therefore, the proper formula for this ionic compound
is MgO.

Now consider the ionic compound formed by magnesium and chlorine. A
magnesium ion has a 2+ charge, while a chlorine ion has a 1- charge:

Mg?* I

Combining one ion of each does not completely balance the positive and negative
charges. The easiest way to balance these charges is to assume the presence of two
chloride ions for each magnesium ion:

Mg cl™ ¢l
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Now the positive and negative charges are balanced. We could write the chemical
formula for this ionic compound as MgCICI, but the convention is to use a numerical
subscript when there is more than one ion of a given type—MgCl,. This chemical
formula says that there are one magnesium ion and two chloride ions in this
formula. (Do not read the “Cl,” part of the formula as a molecule of the diatomic
elemental chlorine. Chlorine does not exist as a diatomic element in this compound.
Rather, it exists as two individual chloride ions.) By convention, the lowest whole
number ratio is used in the formulas of ionic compounds. The formula Mg,Cls has
balanced charges with the ions in a 1:2 ratio, but it is not the lowest whole number
ratio.

Note

By convention, the lowest whole-number ratio of the ions is used in ionic
formulas. There are exceptions for certain ions, such as Hg22+.
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EXAMPLE 3

Write the chemical formula for an ionic compound composed of each pair of
ions.

1. the sodium ion and the sulfur ion
2. the aluminum ion and the fluoride ion
3. the 3+ iron ion and the oxygen ion

Solution

1. To obtain a valence shell octet, sodium forms an ion with a 1+ charge,
while the sulfur ion has a 2- charge. Two sodium 1+ ions are needed to
balance the 2- charge on the sulfur ion. Rather than writing the formula
as NaNaS, we shorten it by convention to Na;S.

2. The aluminum ion has a 3+ charge, while the fluoride ion formed by
fluorine has a 1- charge. Three fluorine 1- ions are needed to balance
the 3+ charge on the aluminum ion. This combination is written as AlFs.

3. Iron can form two possible ions, but the ion with a 3+ charge is specified
here. The oxygen atom has a 2- charge as an ion. To balance the positive
and negative charges, we look to the least common multiple—6: two iron
3+ ions will give 6+, while three 2- oxygen ions will give 6-, thereby
balancing the overall positive and negative charges. Thus, the formula
for this ionic compound is Fe20s3.

SKILL-BUILDING EXERCISE

Write the chemical formula for an ionic compound composed of each pair of
ions.

1. the calcium ion and the oxygen ion
2. the 2+ copper ion and the sulfur ion

3. the 1+ copper ion and the sulfur ion
Polyatomic Ions

Some ions consist of groups of atoms bonded together and have an overall electric
charge. Because these ions contain more than one atom, they are called polyatomic
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12. An ion with more than one
atom.

ions'?. Polyatomic ions have characteristic formulas, names, and charges that

should be memorized. For example, NO3" is the nitrate ion; it has one nitrogen atom

and three oxygen atoms and an overall 1- charge. Table 3.1 "Some Polyatomic Ions"

lists the most common polyatomic ions.

Table 3.1 Some Polyatomic lons

ammonium ion

+

NHy4

acetate ion

C2H307™ (also written CH3CO2")

carbonate ion Cos%
chromate ion Cros%
dichromate ion Cry07%
hydrogen carbonate ion (bicarbonate ion) | HCO3”
cyanide ion CN~
hydroxide ion OH"
nitrate ion NOj3~
nitrite ion NO,~
permanganate ion MnO4~
phosphate ion P04
hydrogen phosphate ion HPO,*
dihydrogen phosphate ion H2PO4~
sulfate ion S04%
hydrogen sulfate ion (bisulfate ion) HSO4~
sulfite ion S05%”

The rule for constructing formulas for ionic compounds containing polyatomic ions
is the same as for formulas containing monatomic (single-atom) ions: the positive
and negative charges must balance. If more than one of a particular polyatomic ion

is needed to balance the charge, the entire formula for the polyatomic ion must be
enclosed in parentheses, and the numerical subscript is placed outside the

parentheses. This is to show that the subscript applies to the entire polyatomic ion.

An example is Ba(NO3);.

3.3 Formulas for Ionic Compounds
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EXAMPLE 4

Write the chemical formula for an ionic compound composed of each pair of
ions.

1. the potassium ion and the sulfate ion
2. the calcium ion and the nitrate ion

Solution

1. Potassium ions have a charge of 1+, while sulfate ions have a charge of
2-. We will need two potassium ions to balance the charge on the sulfate
ion, so the proper chemical formula is K2S04.

2. Calcium ions have a charge of 2+, while nitrate ions have a charge of 1-.
We will need two nitrate ions to balance the charge on each calcium ion.
The formula for nitrate must be enclosed in parentheses. Thus, we write
Ca(NO3); as the formula for this ionic compound.

SKILL-BUILDING EXERCISE

Write the chemical formula for an ionic compound composed of each pair of
ions.

1. the magnesium ion and the carbonate ion

2. the aluminum ion and the acetate ion

Recognizing Ionic Compounds

There are two ways to recognize ionic compounds. First, compounds between metal
and nonmetal elements are usually ionic. For example, CaBr; contains a metallic

element (calcium, a group 2A metal) and a nonmetallic element (bromine, a group
7A nonmetal). Therefore, it is most likely an ionic compound. (In fact, it is ionic.) In
contrast, the compound NO; contains two elements that are both nonmetals

(nitrogen, from group 5A, and oxygen, from group 6A). It is not an ionic compound,;
it belongs to the category of covalent compounds that we will study in Chapter 4
"Covalent Bonding and Simple Molecular Compounds". Also note that this
combination of nitrogen and oxygen has no electric charge specified, so it is not the
nitrite ion.
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Second, if you recognize the formula of a polyatomic ion in a compound, the
compound is ionic. For example, if you see the formula Ba(NO3),, you may recognize

the “NO3” part as the nitrate ion, NO3™. (Remember that the convention for writing

formulas for ionic compounds is not to include the ionic charge.) This is a clue that
the other part of the formula, Ba, is actually the Ba?* ion, with the 2+ charge
balancing the overall 2- charge from the two nitrate ions. Thus, this compound is
also ionic.

EXAMPLE 5

Identify each compound as ionic or not ionic.

1. Nay0
2. PCl3
3. NH4CI
4. OF,
Solution

1. Sodium is a metal, and oxygen is a nonmetal; therefore, Na,0 is expected
to be ionic.

2. Both phosphorus and chlorine are nonmetals. Therefore, PCl3 is not
ionic.

3. The NHy in the formula represents the ammonium ion, NH4", which
indicates that this compound is ionic.

4. Both oxygen and fluorine are nonmetals. Therefore, OF; is not ionic.

SKILL-BUILDING EXERCISE

Identify each compound as ionic or not ionic.
1. N20
2. FeCl3
3. (NH4)3PO4

4, SOCly
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Looking Closer: Blood and Seawater

Science has long recognized that blood and seawater have similar compositions.
After all, both liquids have ionic compounds dissolved in them. The similarity
may be more than mere coincidence; many scientists think that the first forms
of life on Earth arose in the oceans.

A closer look, however, shows that blood and seawater are quite different. A
0.9% solution of sodium chloride approximates the salt concentration found in
blood. In contrast, seawater is principally a 3% sodium chloride solution, over
three times the concentration in blood. Here is a comparison of the amounts of
ions in blood and seawater:

Na* 2.36 0.322
clr 1.94 0.366
Mg? 0.13 0.002
S04% 0.09 =

K" 0.04 0.016
Ca?' 0.04 0.0096
HCO3” 0.002 0.165
HPO,4%", HoPO, | — 0.01

Most ions are more abundant in seawater than they are in blood, with some
important exceptions. There are far more hydrogen carbonate ions (HCO3") in
blood than in seawater. This difference is significant because the hydrogen
carbonate ion and some related ions have a crucial role in controlling the acid-
base properties of blood. (For more information on the acid-base properties of
blood, see Chapter 10 "Acids and Bases", Section 10.5 "Buffers".) The amount of
hydrogen phosphate ions—HPO,42~ and H,PO4 —in seawater is very low, but

they are present in higher amounts in blood, where they also affect acid-base
properties. Another notable difference is that blood does not have significant
amounts of the sulfate ion (5042, but this ion is present in seawater.
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CONCEPT REVIEW EXERCISES

1. What information is contained in the formula of an ionic compound?

2. Why do the chemical formulas for some ionic compounds contain subscripts,
while others do not?

3. Write the chemical formula for the ionic compound formed by each pair of
ions.

a. Mg2+ and I
b. Na®and 0%

ANSWERS

1. the ratio of each kind of ion in the compound

2. Sometimes more than one ion is needed to balance the charge on the other ion
in an ionic compound.

3. a. Mgl
b. Na20

KEY TAKEAWAYS

+ Proper chemical formulas for ionic compounds balance the total positive
charge with the total negative charge.

¢ Groups of atoms with an overall charge, called polyatomic ions, also
exist.
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EXERCISES

1. Write the chemical formula for the ionic compound formed by each pair of
ions.

a. Na'andBr
b. Mg2+ and Br~
c. Mg2+ and $%°

2. Write the chemical formula for the ionic compound formed by each pair of
ions.

a. K andCl®
b. Mg2+ and ClI
C. Mg2+ and se?”

3. Write the chemical formula for the ionic compound formed by each pair of
ions.

a. Na*and N3~
b. Mg2+ and N3~
c. AlP*ands?”

4. Write the chemical formula for the ionic compound formed by each pair of
ions.

a. Litand N3~
b. Mg2+ and p3~
c. LitandP3"

5. Write the chemical formula for the ionic compound formed by each pair of
ions.

Fe3* and Br™
Fe2* and Br~
Au3* and s2°
Au* and s%°

o op

6. Write the chemical formula for the ionic compound formed by each pair of
ions.

cr3* and 02°
cr?* and 0%
Pb%* and CI”
Pb** and cI”

0 op
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7.

10.

11.

12.

3.3 Formulas for Ionic Compounds

Write the chemical formula for the ionic compound formed by each pair of
ions.

a. Cr>tand NO3~
b. Fe?* and PO43"
c. Ca?*and Cros?”
d. AI3*and oH™

Write the chemical formula for the ionic compound formed by each pair of
ions.

NH4" and NO3~
H' and Cr2072_
cu’ and CO32_

Na® and HCO3~

g0 O

For each pair of elements, determine the charge for their ions and write the
proper formula for the resulting ionic compound between them.

a. BaandS
b. CsandI

For each pair of elements, determine the charge for their ions and write the
proper formula for the resulting ionic compound between them.

a. Kands
b. Scand Br

Which compounds would you predict to be ionic?

Li20
(NH4)20
CO2
FeSO3
CeHe
C2HeO

- ® &0 o

Which compounds would you predict to be ionic?

Ba(OH)2
CH20
NH2CONH2
(NH4)2Cr04
C8H18

NH3

- ® &0 o
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ANSWERS

11.

3.3 Formulas for Ionic Compounds

NaBr
MgBr2

c. MgS

Na3N
Mg3N2

c. AlzS3

®

s

g0 o

g o9

0o &0 oD

FeBr3
FeBr2
AuzS3
AuzS

Cr(NO3)3

Fe3 (PO4)2
CaCrO4
Al(OH)3

Ba2*, s27 Bas
cs', 17, CsI

ionic
ionic
not ionic
ionic
not ionic
not ionic
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3.4 Ionic Nomenclature

13. The systematic naming of
chemical compounds.

14. The system of indicating a
cation’s charge with roman
numerals.

LEARNING OBJECTIVE

1. Use the rules for naming ionic compounds.

After learning a few more details about the names of individual ions, you will be a
step away from knowing how to name ionic compounds. This section begins the
formal study of nomenclature'’, the systematic naming of chemical compounds.

Naming Ions

The name of a monatomic cation is simply the name of the element followed by the
word ion. Thus, Na* is the sodium ion, AI** is the aluminum ion, Ca?" is the calcium
ion, and so forth.

We have seen that some elements lose different numbers of electrons, producing
ions of different charges (Figure 3.3 "Predicting Ionic Charges"). Iron, for example,
can form two cations, each of which, when combined with the same anion, makes a
different compound with unique physical and chemical properties. Thus, we need a
different name for each iron ion to distinguish Fe?* from Fe>*. The same issue arises
for other ions with more than one possible charge.

There are two ways to make this distinction. In the simpler, more modern
approach, called the Stock system'*, an ion’s positive charge is indicated by a
roman numeral in parentheses after the element name, followed by the word ion.
Thus, Fe?* is called the iron(II) ion, while Fe3* is called the iron(1II) ion. This system
is used only for elements that form more than one common positive ion. We do not
call the Na" ion the sodium(I) ion because (I) is unnecessary. Sodium forms only a 1+
ion, so there is no ambiguity about the name sodium ion.

The second system, called the common system, is not conventional but is still
prevalent and used in the health sciences. This system recognizes that many metals
have two common cations. The common system uses two suffixes (-ic and -ous) that
are appended to the stem of the element name. The -ic suffix represents the greater
of the two cation charges, and the -ous suffix represents the lower one. In many
cases, the stem of the element name comes from the Latin name of the element.
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3.4 Ionic Nomenclature

Table 3.2 "The Common System of Cation Names" lists the elements that use the

common system, along with their respective cation names.

Table 3.2 The Common System of Cation Names

2+ | ferrous ion
iron ferr-
3+ ferric ion
1+ | cuprous ion
copper cupr-
2+ cupric ion
2+ | stannous ion
tin stann-
4+ stannic ion
2+ | plumbous ion
lead plumb-
4+ plumbic ion
2+ | chromous ion
chromium | chrom-
3+ chromic ion
1+ | aurous ion
gold aur-
3+ auric ion

The name of a monatomic anion consists of the stem of the element name, the

suffix -ide, and then the word ion. Thus, as we have already seen, Cl™ is “chlor-" + “-
ide ion,” or the chloride ion. Similarly, 07" is the oxide ion, Se?” is the selenide ion,
and so forth. Table 3.3 "Some Monatomic Anions" lists the names of some common
monatomic ions.

Table 3.3 Some Monatomic Anions

F~ | fluoride ion
Cl” | chloride ion
Br~ | bromide ion
I” |iodideion
0% | oxide ion
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Ion Name

s?” | sulfide ion

P*" | phosphide ion

nitride ion

The polyatomic ions have their own characteristic names, as we saw in Table 3.1
"Some Polyatomic lons".

EXAMPLE 6

Name each ion.

RS
%
o
w
5

Solution

the calcium ion

the sulfide ion (from Table 3.3 "Some Monatomic Anions")

the sulfite ion (from Table 3.1 "Some Polyatomic Ions")

the ammonium ion (from Table 3.1 "Some Polyatomic Ions")

the copper(I) ion or the cuprous ion (Figure 3.5 "Charges of the
Monatomic Ions" shows that copper can form cations with either a 1+ or
2+ charge, so we have to specify which charge this ion has)

N
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SKILL-BUILDING EXERCISE

Name each ion.

1. Fe2+

2. Fe3+

3, S04%"

4, Ba2+

5. HCO3~

EXAMPLE 7

Write the formula for each ion.

the bromide ion
the phosphate ion
the cupric ion

the magnesium ion

W N =

Solution

8NP
(@)
c
[
+

SKILL-BUILDING EXERCISE

Write the formula for each ion.
1. the fluoride ion
2. the carbonate ion
3. the stannous ion

4. the potassium ion
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Naming Compounds

Now that we know how to name ions, we are ready to name ionic compounds. We
do so by placing the name of the cation first, followed by the name of the anion, and
dropping the word ion from both parts.

For example, what is the name of the compound whose formula is Ba(NO3),?

Ba%z* NO3_
barium ion nitrate ion

(remove the word “ion”)

l

barium + nitrate

barium nitrate

The compound’s name does not indicate that there are two nitrate ions for every
barium ion. You must determine the relative numbers of ions by balancing the
positive and negative charges.

If you are given a formula for an ionic compound whose cation can have more than
one possible charge, you must first determine the charge on the cation before
identifying its correct name. For example, consider FeCl; and FeCls. In the first
compound, the iron ion has a 2+ charge because there are two Cl™ ions in the
formula (1- charge on each chloride ion). In the second compound, the iron ion has
a 3+ charge, as indicated by the three Cl ions in the formula. These are two
different compounds that need two different names. By the Stock system, the
names are iron(II) chloride and iron(III) chloride. If we were to use the stems and
suffixes of the common system, the names would be ferrous chloride and ferric
chloride, respectively.
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EXAMPLE 8

Name each ionic compound, using both Stock and common systems if

necessary.

1. Ca3(POg4)

2. (NHg4),Cr207

3. Kcl

4. CucCl

5. SnFj

Solution

1. calcium phosphate

ammonium dichromate (the prefix di- is part of the name of the anion,
as in Table 3.1 "Some Polyatomic Ions")
potassium chloride

. copper(I) chloride or cuprous chloride

tin(1I) fluoride or stannous fluoride

SKILL-BUILDING EXERCISE

Name each ionic compound, using both Stock and common systems if

necessary.
1. ZnBr2
2. Fe(NO3)3
3. Al203
4. AuFj

5. AgF

Figure 3.7 "A Guide to Naming Simple Ionic Compounds" is a synopsis of how to

name simple ionic compounds.

3.4 Ionic Nomenclature

173



Chapter 3 Ionic Bonding and Simple Ionic Compounds

Figure 3.7 A Guide to Naming Simple Ionic Compounds

Identify:

Cation name
« Anion name

Can the cation have
more than one

possible charge?
no

*

Use Stock system name of cation + name of anion.
or

Use stem of cation name + -ic/-ous + name of anion. (Bep i el G o B Gl iy

Examples: Examples:

« KBr potassium bromide
« NaNO, sodium nitrate
« (NH),S ammonium sulfide

« FeCl, iron(ll) chloride or ferrous chloride
« Cuso, copper(ll) sulfate or cupric sulfate
.« Cr0, chromium(lll) oxide or chromic oxide

Follow these steps to name a simple ionic compound.

CONCEPT REVIEW EXERCISES

1. Briefly describe the process for naming an ionic compound.
2. In what order do the names of ions appear in the names of ionic compounds?

3. Which ionic compounds can be named using two different systems? Give an
example.

ANSWERS

1. Name the cation and then the anion but don’t use numerical prefixes.
2. the cation name followed by the anion name

3. Ionic compounds in which the cation can have more than one possible charge
have two naming systems. FeCl3 is either iron(III) chloride or ferric chloride

(answers will vary).
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KEY TAKEAWAY

+ Each ionic compound has its own unique name that comes from the
names of the ions.
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EXERCISES

1. Name each ion.

0 O
e
¢

2. Name each ion.

dL

3-

Cs
As
HSO4
Sn2+

&0 op

3. Name the ionic compound formed by each pair of ions.

a. Na'and Br
b. Mg2+ and Br~
c. Mg2+ and s

4. Name the ionic compound formed by each pair of ions.

a. K andCl®
b. Mg2+ and Cl”
C. Mg2+ and se?”

5. Name the ionic compound formed by each pair of ions.

a. Na*and N3~
b. Mg2+ and N3~
c. AlP*ands?”

6. Name the ionic compound formed by each pair of ions.

a. Litand N3~
b. Mg2+ and P3~
c. LitandP3"

7. Name the ionic compound formed by each pair of ions. Use both the Stock and
common systems, where appropriate.

Fe3* and Br~
Fe2* and Br™
Au3* and s
Au* and 52°

0 op
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8. Name the ionic compound formed by each pair of ions. Use both the Stock and
common systems, where appropriate.

cr3* and 0%°
cr?* and 0%
Pb2* and cI”
Pb** and cI”

o op

9. Name the ionic compound formed by each pair of ions. Use both the Stock and
common systems, where appropriate.

a. cr3*and NO3~
b. Fe?"and PO43_
c. Ca’*and Cr042_
d. A" and OH

10. Name the ionic compound formed by each pair of ions. Use both the Stock and
common systems, where appropriate.

NH4" and NO3~
H' and CrzO72_
cu’ and CO32_

Na' and HCO3~

g0 o9

11. Give two names for each compound.

a. Al(HSO4)3
b. Mg(HSO4)2

12. Give two names for each compound.

a. Co(HCO3)2
b. LiHCO3
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ANSWERS

the radium ion

the phosphide ion

the dihydrogen phosphate ion
the tin(IV) ion or the stannic ion

o op

3. a. sodium bromide
magnesium bromide
c. magnesium sulfide

s

5. a. sodium nitride
b. magnesium nitride
aluminum sulfide

o

iron(IlI) bromide or ferric bromide
iron(II) bromide or ferrous bromide
gold(111) sulfide or auric sulfide
gold(1) sulfide or aurous sulfide

o op

chromium(III) nitrate or chromic nitrate
iron(II) phosphate or ferrous phosphate
calcium chromate

aluminum hydroxide

o op

11. aluminum hydrogen sulfate or aluminum bisulfate

magnesium hydrogen sulfate or magnesium bisulfate

o s
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3.5 Formula Mass

15. The sum of the masses of the
elements in the formula of an
ionic compound.

LEARNING OBJECTIVE

1. Determine the formula mass of an ionic compound.

One skill needed in future chapters is the ability to determine the mass of the
formula of an ionic compound. This quantity is called the formula mass'. The
formula mass is obtained by adding the masses of each individual atom in the
formula of the compound. Because a proper formula is electrically neutral (with no
net electrons gained or lost), the ions can be considered atoms for the purpose of
calculating the formula mass.

Let us start by calculating the formula mass of sodium chloride (NaCl). This formula
mass is the sum of the atomic masses of one sodium atom and one chlorine atom,
which we find from the periodic table; here, we use the masses to two decimal
places:

Na: 22.99u

Ccl: +35.45u

Total: | 58.44u

To two decimal places, the formula mass of NaCl is 58.44 u.

When an ionic compound has more than one anion or cation, you must remember
to use the proper multiple of the atomic mass for the element in question. For the
formula mass of calcium fluoride (CaF;), we must multiply the mass of the fluorine

atom by 2 to account for the two fluorine atoms in the chemical formula:

Ca: 1x40.08 40.08 u
F: 2x19.00=|+38.00u
Total: 78.08 u

The formula mass of CaF, is 78.08 u.
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For ionic compounds with polyatomic ions, the sum must include the number and
mass of each atom in the formula for the polyatomic ion. For example, potassium
nitrate (KNO3) has one potassium atom, one nitrogen atom, and three oxygen

atoms:
K: 1x39.10 39.10u
N: 1x14.00 | +14.00u
O: 3x16.00=|+48.00u
Total: 101.10u

The formula mass of KNO3 is 101.10 u.

Note

Potassium nitrate is a key ingredient in gunpowder and has been used clinically
as a diuretic.

When a formula contains more than one polyatomic unit in the chemical formula,
as in Ca(NO3)2, don’t forget to multiply the atomic mass of every atom inside the
parentheses by the subscript outside the parentheses. This is necessary because the
subscript refers to the entire polyatomic ion. Thus, for Ca(NOs3);, the subscript 2
implies two complete nitrate ions, so we must sum the masses of two (1 x 2)

nitrogen atoms and six (3 x 2) oxygen atoms, along with the mass of a single calcium
atom:

Ca: 1 x40.08 40.08 u
N: 2x14.00=|+28.00u
O: 6x16.00=|+96.00u
Total: 164.08 u

The key to calculating the formula mass of an ionic compound is to correctly count
each atom in the formula and multiply the atomic masses of its atoms accordingly.
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EXAMPLE 9

Use the atomic masses (rounded to two decimal places) from the inside
cover of this book to determine the formula mass for each ionic compound.

1. FeCls
2. (NHy4)3PO4

Solution
1. Fe: 55.85u
cl: 3x35.45=|+106.35u
Total: 162.20 u

The formula mass of FeCls is 162.20 u.

2. When we distribute the subscript 3 through the parentheses
containing the formula for the ammonium ion, we see that we
have 3 nitrogen atoms and 12 hydrogen atoms. Thus, we set up
the sum as follows:

N: 3x14.00=| 42.00u
H: 12x1.00=| +12.00 u
P: +30.97 u
O: 4x16.00= | +64.00u
Total: 148.97 u

The formula mass for (NH4)3PO4 is 148.97 u.
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SKILL-BUILDING EXERCISE

Use the atomic masses (rounded to two decimal places) from the inside
cover of this book to determine the formula mass for each ionic compound.

1. TiO2
2. AgBr
3. Au(NO3)3

4. Fe3(PO4)2

3.5 Formula Mass 182



Chapter 3 Ionic Bonding and Simple Ionic Compounds

To Your Health: Hydrates

Some ionic compounds have water (H20) incorporated within their formula

unit. These compounds, called hydrates, have a characteristic number of water
units associated with each formula unit of the compound. Hydrates are solids,
not liquids or solutions, despite the water they contain.

To write the chemical formula of a hydrate, write the number of water units
per formula unit of compound after its chemical formula. The two chemical
formulas are separated by a vertically centered dot. The hydrate of copper(1I)
sulfate has five water units associated with each formula unit, so it is written as
CuS04'5H20. The name of this compound is copper(1I) sulfate pentahydrate,
with the penta- prefix indicating the presence of five water units per formula
unit of copper(Il) sulfate.

Hydrates have various uses in the health industry. Calcium sulfate hemihydrate
(CaS04%H0), known as plaster of Paris, is used to make casts for broken bones.

Epsom salt (MgSO47H20) is used as a bathing salt and a laxative. Aluminum

chloride hexahydrate is an active ingredient in antiperspirants. The
accompanying table lists some useful hydrates.
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Calcium sulfate hemihydrate
(CaSO4%H;0), or plaster of Paris,
is used to make casts to
immobilize broken bones until
they heal.

© Thinkstock

Table 3.4 Names and Formulas of Some Widely Used Hydrates

Formula Name Uses

AlCl36H20 aluminum chloride hexahydrate antiperspirant

CaS044H,0 calc'lum sulfate hemihydrate (plaster of cast's (for broken bones and
Paris) castings)

CaS042H20 | calcium sulfate dihydrate (gypsum) drywall component

CoCly'6H20 cobalt(I) chloride hexahydrate firy '1ng agent, humidity

indicator
CuSO45H20 | copper(1l) sulfate pentahydrate fungicide, algicide, herbicide

magnesium sulfate heptahydrate (Epsom

MgS047H20
g0 72 salts)

laxative, bathing salt

sodium carbonate decahydrate (washing

soda)

CONCEPT REVIEW EXERCISES

1. What is the relationship between atomic mass and formula mass?

Na,C0O310H20 laundry additive/cleaner

2. How are subscripts used to determine a formula mass when more than one
polyatomic ion is present in a chemical formula?
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ANSWERS

1. The formula mass is the sum of the atomic masses of the atoms in the formula.

2. The subscript is distributed throughout the parentheses to determine the total
number of atoms in the formula.

KEY TAKEAWAY

+ Formula masses of ionic compounds can be determined from the masses
of the atoms in their formulas.

3.5 Formula Mass 185



Chapter 3 Ionic Bonding and Simple Ionic Compounds

EXERCISES

3.5 Formula Mass

1.

What is the formula mass for the ionic compound formed by each pair of ions?

a. Na'andBr
b. MgZJr and Br~
C. Mg2+ and s

What is the formula mass for the ionic compound formed by each pair of ions?

a. K andcCl®
b. Mg2+ and Cl”
C. Mg2+ and se?”

What is the formula mass for the ionic compound formed by each pair of ions?

a. Na*and N3~
b. Mg2" and N3~
c. A’ ands?

What is the formula mass for the ionic compound formed by each pair of ions?

a. Litand N3~
b. MgZJr and p3~
c. Litand P3~

What is the formula mass for each compound?

FeBr3
FeBro
Au2S3
AuyS

&~ 0 o

What is the formula mass for each compound?

Cr203
CrO

PbCly
PbCl4

g0 op

What is the formula mass for each compound?

Cr(NO3)3
Fe3(P04)2
CaCrO4
Al(OH)3

&0 OB
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3.5 Formula Mass

8. What is the formula mass for each compound?

g0 o9

NH4NO3
H2Cr207
Cu2C03

NaHCO3

9. What is the formula mass for each compound?

a.

b.

Al(HSO4)3
Mg(HS04)2

10. What is the formula mass for each compound?

a.

b.

Co(HCO3)2
LiHCO3

ANSWERS

1. a.
b.
C.

3. a.
b.
C.

5. a.
b.
C.
d.

7. a.
b.
C.
d.

9. a.
b.

102.90 u
184.11u
56.38 u

83.00u
100.93 u
150.17 u

295.50u
215.60 u
490.30 u
426.10 u

238.00 u
357.49u
156.08 u
78.01u

318.22u
218.47 u
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3.6 End-of-Chapter Material
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Chapter Summary

To ensure that you understand the material in this chapter, you should review the meanings of the following bold terms and
ask yourself how they relate to the topics in the chapter.

Atoms combine into compounds by forming chemical bonds. A survey of stable atoms and molecules leads to
the octet rule, which says that stable atoms tend to have eight electrons in their outermost, or valence, shell.
One way atoms obtain eight electrons in the valence shell is for some atoms to lose electrons while other atoms
gain them. When this happens, the atoms take on an electrical charge. Charged atoms are called ions. Ions
having opposite charges attract each other. This attraction is called ionic bonding, and the compounds formed
are called ionic compounds.

Positively charged ions are called cations, while negatively charged ions are called anions. The formation of
both cations and anions can be illustrated using electron configurations. Because elements in a column of the
periodic table have the same valence shell electron configuration, atoms in the same column of the periodic
table tend to form ions having the same charge. Electron dot diagrams, or Lewis diagrams, can also be used to
illustrate the formation of cations and anions.

Ionic compounds are represented in writing by a chemical formula, which gives the lowest ratio of cations and
anions present in the compound. In a formula, the symbol of the cation is written first, followed by the symbol
of the anion. Formula unit is considered the basic unit of an ionic compound because ionic compounds do not
exist as discrete units. Instead, they exist as crystals, three-dimensional arrays of ions, with cations surrounded
by anions and anions surrounded by cations. Chemical formulas for ionic compounds are determined by
balancing the positive charge from the cation(s) with the negative charge from the anion(s). A subscript to the
right of the ion indicates that more than one of that ion is present in the chemical formula.

Some ions are groups of atoms bonded together and having an overall electrical charge. These are called
polyatomic ions. Writing formulas with polyatomic ions follows the same rules as with monatomic ions, except
that when more than one polyatomic ion is present in a chemical formula, the polyatomic ion is enclosed in
parentheses and the subscript is outside the right parenthesis. Ionic compounds typically form between metals
and nonmetals or between polyatomic ions.

Names of ionic compounds are derived from the names of the ions, with the name of the cation coming first,
followed by the name of the anion. If an element can form cations of different charges, there are two alternate
systems for indicating the compound’s name. In the Stock system, a roman numeral in parentheses indicates
the charge on the cation. An example is the name for FeCl,, which is iron(II) chloride. In the common system,

the suffixes -ous and -ic are used to stand for the lower and higher possible charge of the cation, respectively.
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These suffixes are attached to a stem representing the element (which frequently comes from the Latin form of
the element name). An example is the common name for FeCl,, which is ferrous chloride.

The formula mass of an ionic compound is the sum of the masses of each individual atom in the formula. Care
must be taken when calculating formula masses for formulas containing multiple polyatomic ions because the
subscript outside the parentheses refers to all the atoms in the polyatomic ion.
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ADDITIONAL EXERCISES

3.6 End-of-Chapter Material

1.

What number shell is the valence electron shell of a sodium atom? What
number shell is the valence shell of a sodium ion? Explain the difference.

What number shell is the valence electron shell of a bromine atom? What
number shell is the valence shell of a bromide ion? Explain the difference
between these answers and the answers to Exercise 1.

What is the electron configuration of each ion?

g0 op

2+

What is the electron configuration of each ion?

g0 op

+

Li
Ca2+
cl
0%

If a sodium atom were to lose two electrons, what would be the electron
configuration of the resulting cation?

Considering that electron shells are typically separated by large amounts
of energy, use your answer to Exercise 5a to suggest why sodium atoms do
not form a 2+ cation.

If a chlorine atom were to gain two electrons, what would be the electron
configuration of the resulting anion?

Considering that electron shells are typically separated by large amounts
of energy, use your answer to Exercise 6a to suggest why chlorine atoms do
not form a 2- anion.

Use Lewis diagrams and arrows to show the electron transfer that occurs
during the formation of an ionic compound among Mg atoms and F atoms.
(Hint: how many atoms of each will you need?)

Use Lewis diagrams and arrows to show the electron transfer that occurs
during the formation of an ionic compound among K atoms and O atoms. (Hint:
how many atoms of each will you need?)
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9. Mercury forms two possible cations—Hg2+ and Hg22+, the second of which is
actually a two-atom cation with a 2+ charge.

a. Using common names, give the probable names of these ions.
b. What are the chemical formulas of the ionic compounds these ions make
with the oxide ion, 02

10. The uranyl ion (U022+) is a common water-soluble form of uranium. What is

the chemical formula of the ionic compound uranyl nitrate? What is the
chemical formula of the ionic compound uranyl phosphate?

11. The formal chemical name of the mineral strengite is iron(11I) phosphate
dihydrate. What is the chemical formula of strengite? What is the formula
mass of strengite?

12. What is the formula mass of MgS04-7H20?
13. What is the formula mass of CaSO4-%4H207?

14. What mass does 20 formula units of NaCl have?

15. What mass does 75 formula units of K2S04 have?

16. If an atomic mass unit equals 1.66 x 10724 g, what is the mass in grams of one
formula unit of NaCl?

17. If an atomic mass unit equals 1.66 x hacs g, what is the mass in grams of 5.00 x
1022 formula units of NaOH?

18. If an atomic mass unit equals 1.66 x 10724 g, what is the mass in grams of 3.96 x
1023 formula units of (NH4)2S047?

19. Both tin and lead acquire 2+ or 4+ charges when they become ions. Use the
periodic table to explain why this should not surprise you.

20. Which ion would you expect to be larger in size—In>* or TI3*? Explain.
21. Which ion would you expect to be smaller in size—I" or Br ? Explain.

22. Which ion with a 2+ charge has the following electron configuration? 1522522p6
2

23. Which ion with a 3- charge has the following electron configuration? 1s 2522p6
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Chapter 3 Ionic Bonding and Simple Ionic Compounds

ANSWERS

1.

11.

13.

15.

17.

19.

2L,

23.

3.6 End-of-Chapter Material

For sodium, the valence shell is the third shell; for the sodium ion, the valence
shell is the second shell because it has lost all its third shell electrons.

a. 1322522p63523p6

b. 1522522p6

C. 1522522p6

d. 1522322p63523p6

a. 1522522p5

b. It probably requires too much energy to form.

o TN e o
F* o+ Mg: + .FI —— Mg* + 2iF. —— MdF,

a. mercuric and mercurous, respectively
b. HgO and Hg20, respectively

FePO4:2H20; 186.86 u
145.16 u
13,070.25 u

3.32¢g

Both tin and lead have two p electrons and two s electrons in their valence
shells.

Br because it is higher up on the periodic table

N3-
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Chapter 4

Covalent Bonding and Simple Molecular Compounds

Opening Essay

Cholesterol (C27H460), a compound that is sometimes in the news, is a white, waxy solid produced in the liver of
every animal, including humans. It is important for building cell membranes and in producing certain hormones
(chemicals that regulate cellular activity in the body). As such, it is necessary for life, but why is cholesterol the
object of attention?

Besides producing cholesterol, we also ingest some whenever we eat meat or other animal-based food products.
People who eat such products in large quantities, or whose metabolisms are unable to handle excess amounts,
may experience an unhealthy buildup of cholesterol in their blood. Deposits of cholesterol, called plaque, may
form on blood vessel walls, eventually blocking the arteries and preventing the delivery of oxygen to body
tissues. Heart attacks, strokes, and other circulatory problems can result.

Most medical professionals recommend diets that minimize the amount of ingested cholesterol as a way of
preventing heart attacks and strokes. Tests are available to measure cholesterol in the blood, and there are
several drugs capable of lowering cholesterol levels.

Figure 4.1
A Molecular Model of Cholesterol
C
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Chapter 4 Covalent Bonding and Simple Molecular Compounds

Chapter 3 "lonic Bonding and Simple Ionic Compounds" discussed ionic bonding,
which results from the transfer of electrons among atoms or groups of atoms. In
this chapter, we will consider another type of bonding—covalent bonding. We will
examine how atoms share electrons to form these bonds, and we will begin to
explore how the resulting compounds, such as cholesterol, are different from ionic
compounds.
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Chapter 4 Covalent Bonding and Simple Molecular Compounds

4.1 Covalent Bonds

LEARNING OBJECTIVE

1. Describe how a covalent bond forms.

You have already seen examples of substances that contain covalent bonds. One

substance mentioned in Chapter 3 "lonic Bonding and Simple Ionic Compounds"
was water (H20). You can tell from its formula that it is not an ionic compound; it is
not composed of a metal and a nonmetal. Consequently, its properties are different
from those of ionic compounds.

Electron Sharing

Chapter 3 "lonic Bonding and Simple Ionic Compounds" described how electrons
can be transferred from one atom to another so that both atoms have an energy-

stable outer electron shell. Because most filled electron shells have eight electrons
in them, chemists called this tendency the octet rule. But there is another way an
atom can achieve a full valence shell: atoms can share electrons.

This concept can be illustrated by using two