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TO

PEON CRIPPLE,

WHO ALWAYS HAP TIME TO HELP

HI5 50N WITH ^^lEN^E FAIR5

ANP

THE MEMORy OF EMANUEL 60NI<:i<r ANP

OTTO 60LP5^HMIP, ^HEMI5T^ BOTH

THE ^RTOOMI^T WOULP LIKE TO THANK Hl^ A^^I^TANT, HEMEN^^

"MOMO" ZHOU, WITHOUT WH05E COMPUTER 5KILL^, ARTI^TI^ ABILITY,

ANP 6O0P HUMOR THI5 WOK WOULP HAVE TAKEN FOREVER...



Chapter I

Hidden Ingredients

The very fir^t cwm\cki reaction to impre55 our an^e^tor^ wa^ FIRE.

WELL, MA/BE FIRE WA^ THE 5E£0NP ONE. THEN.,

AN/WAV, FIRE WA5 RgAlLV, RCAUty IMPORTANT.



fire-anp tho^e other
pro<:e55E5-reveauep

HIPPEN FEATURED
OF MATTER. IF you

HEAT A PIE<:E OF WOOP,

ALL you 6ET 15 A HOT

PIE^E OF WOOP, AT

FIR5T... BUT 5Ut7PENLy,

AT 50ME POIMT, THE

WOOP BUR5T5 INTO

FLAME. WHERE PIP

THAT ^OME FROM?

^HEMI4TRy 15 THE 5^ien<:e that an5wer5 that question, anp CUGH<\CM

REAmON6 ARE THE ^TRANfi-E TRAN5FORMATIOW5 THAT REVEAL MATTER'5

HIPPEN PROPERTIED.

^HEMI^TRy 15 A

5^IEN^E ABOUT

THE 0^<:ULT, THE

HIPPEN, THE INVISI-

BLE. NO WONPER
IT TOOK 50 LON^-

FOR CWmiCM b^-

^RET5 TO ^OME
OUT... ANP IT ALL

5TARTEP WITH

FIRE.



PROBABUy THE BE5T THIN6 ABOUT

FIRE WA5 THAT IT ^OULP BE U^EP

TO CONTROL OTHER CWmiCM
REA^TION^: ^OOICIN&, FOR EXAMPLE.'

MM... BI& IMPROVEMEMT
OVER PUTRIP...

you mow HOW 5^ienti5T5 are-, if THEy ^am <:ook: ome thin6, THEruL cook

AMOTHER. PRETTy $00H, THEy WERE <:00<IN6 RO^K^.

^.-^

$0UMP5 ^RAzy, BUT ONE OF TH05E fi-REEKJ, ^RUMBUy R0^K5 /HEUTEt?, <:HAW6E17,

AMP BECAME AM 0RAM6E LIQUIP THAT ^OOLEP IMTO 5HIMy, METALLIC COPPER.

THI5 EM^OURA^EP THEM

TO 5MELT REP ROCKi>

IMTO IROM... BAKE MUP
IMTO BRI^K:^... 5AUTE FAT

AMP A5HE5 IMTO 50AP...

AMP CWITHOUT fire; TO

PURPLE milk: IMTO yO^URT..

FERMEMT 6RAIM IMTO

BEER... AMP ^ABBA^E IMTO

KTIM^HEE. THE MEXT THIM^-

you KMEW, ^HEMI^TRy HAP

au^EP CIVILIZATION/



WHAT A^^0UNT5 FOR MATTER"'^ ^E^RET5? THE ANCIENT ^REEK^ ^AME UP WITH

AT LEA^T THREE DIFFERENT THEORIES.

THE ATOMI^T^, LEP

gy PgM0^RITU6,
THOUGHT THAT MATTER

WA^ MAPE OUT OF TIMV,

IWC7IVI5IBLE PARTI^UE^,

OR AT0M6 CA-TOM =

"MO CVV). IF you (iUT

AMP ^UT AMP ^UT AMP

^UT, THEy REA50MEP,

THE pro<:e55 hap to

^TOP SOMEWHERE.

IF 0BJEa5 HAP IWFlWITEUy

MAMy pie<:e^, then EVERy-

THIM6 WOUUP TAKE FOREVER.'

T^

AMOTHER PHILOSOPHER, HERA^IITU6, SU&&E5TEP THAT EVERyTHIN6 WAS

MAPE OUT OF FIRE.

BUT ATOMS ^OULPN'T BE

SEEM, AMP... FIRE? I MEAM,

REALiy/ THE 6.REAT ARI-

^TOTIQ AMMOUM^EP THAT

THERE WERE REAULy FOUR
EtEMENT6, OR bask:

SUBSTAM^ES, FROM WHI^^H

ALL ELSE WAS <:OMPOSEP.

THESE WERE AIR, EARTH,
FIRE, AMP WATER, other

STUFF, HE OPINEP, WAS
A BLEMP OF THESE FOUR.



OF THE THREE IPEA^,

FOR ^0/WE REASON, IT

WA5 ARI^TOTUE''^ THAT

MO^T INFLUEN^EP MEPI-

EVAL ^^lEM^E. IT WA^ $0

OPTIMI^TI^/ IF EVERV-

THIN6 WA5 A MIXTURE OF
FOUR ELEMENTS, THEM iO\)

5H0ULP BE ABLE TO TURN

AMyTHIN6 INTO AN/THIN^^

EL5E JU^T By TWEAKIN6'

THE IN6REPIENT5.'

THI5 HOPEUE^^ QUE5T WA5 TAKEN UP IN PERSIA BV JABIR C^\C?WXW ^ENTURV;

ANC? At-RAZI aENTH <:ENTURy;, WHO INVENTED ALL 50RT^ OF USEFUL LAB

EQUIPMENT AN7 PR0^EPURE5 IN THE PR0^E5^. THI5 PROVED yO\) ^N MAJCE

TREMENP0U5 PRA^TI^L PR06RE55 WITH ^TUPIP II7EA5.

LCT'5 REPEFIME
OUR 6.0AL^...9

MEPIEVAL EUROPE BORROWEP THE I5LAMI<:: $^IEN^E-ANP IT5 NAME, AL^MCMV
C = "THE ^HEMl5TRy" IN ARABI<i;'ANP IT5 HUNGER FOR TRAN5MUTEP fi-OLP.

THE (S-ERMAN AL^HEMI5T H£NNI^ BRANP, FOR EXAMPLE, TRIEP TO MAKE

GOU? By PI^TILLIN^ i>0 BU^KET^ OF URINE.

J IN THE ENP, BRANP''^ EQUIPMENT fi-LOWEP IN THE PARK.

Try/ HE HAP PI^<:OVEREP PH05PHORU5-BUT NO fi-OLP...



G D
6

PE5PITE THEIR WILPER ^PE^ULATI0W5, THE AL-

^HEMI^T^ A6iOMPLI^HEP A LOT IN THE UAB-. THEV

PERFEaEP PI^TILLATION, FILTRATION, TITRATION,

ETi... THEV APVAN^EP ^^LA^^MAKIN^-, METAL-

IVRC^y, EXPL05IVE5, <:ORR05IVE5... AMP THEV

INVENTED "FORTIFIEP WINE," I.E., HARP LIQUOR-

BUT THEIR LAB TECHNIQUE MI55EP ONE BI6 THIN&-. THEV FAILEP TO ^OLLEa

6A4E6. IF A REA^ION iON^UMEP 6A5, THE AL^HEMI5T$ HAP NO WAV OF

KNOWING. IF IT fi'AVE OFF 6.A5, THEY LET IT E^^PE.

/the FASTER
-< THE BETTER,

yPREFERABL/.'

THI^ A^EANT THEV ^OULP NEVER

FULLV A<:^OUNT FOR THE IN-

^RgPIENT^ OR PR0PUrr4
OF ^HEMiaL REAaiON^.



THE MOPERN 5TUPy OF 6A^E^ OR "AIR5" BE6AM IM THE ^600s, WITH 50ME IMVE^TI6A-

TIOM^ IMTO THE EFFE^^ OF AIR PRE55URE. ^0N5IPER THI5 PEM0M5TRATI0M W OTTO
VON OUGR\CKG a6(?2-m6).

VOM b\)^R\CK^ MAPE TWO METAU HEMI-

SPHERES WITH A C700\? SEAL BETWEEN
THEM. A VAUVE ALLOWEP HIM TO PUMP
AIR OUT OF THE INTERIOR.

WHEN THE SPHERE EN^LOSEP A WEAR

VACUUM, HORSES dOULPN'T PUUU THE
TWO HALVES APART/

^

EXPLANATION: AIR PRESSING ON THE
OUTSIPE OF THE SPHERE PUSHES THE
HALVES TOfi-ETHER. ONLV WHEN THERE

IS AIR INSIPE PRESSING OUTWARP
WITH A BAUNdlN^ F0R<:E ^N THE
HEMISPHERES BE EASILY SEPARATEP.

HARP TO
SEPARATE

AN EASy HOME EXPERI-

MENT PEMONSTRATES
THE SAME PRIN<:iPLE:

FILL A BOTTLE WITH

WATER ANP a? IT TI&HT-

LV. TURN THE BOTTLE
UPSIPE POWN ANP
IMMERSE THE ^PPEP
ENP IN A WATER BATH.

CTHE K:IT<:HEN sink WILL

PO.; REMOVE THE aP
UNPER WATER. THE
BOTTLE REMAINS FULL.

AIR PRESSURE

PUSHIM6 ON
THE SURFACE

OF THE BATH

HOLPS THE
WATER UP IN

THE BOTTLE.

4( (K «v 4^ ^ iU i



rm UP^IPE-POWN BOTTLE

BE^A/ME A (S'A^ COllGCTOR

IW THE HAWI75 OF

JOSEPH PRIE^TtCy
O7??-10C'4;, A

MINISTER WHO
5ET UP A LAB

IN Hl^

KITCHEN.

U^^
^ THE PRE55URE OF A^UMU-

UTIN6 6A5 PU$HE5 POWM
THE COLUMN OF LIQUIP.

PRIE^TLE/'^ REA^TION^ TOOK PLA^E IM A 5EALEP

FLA5< ^ONNEaEP BY A TUBE TO AM INVERTED

BOTTLE OF LIQUIP. CTHE BOTTLE WA5 IM/MER^Et?

IN THE ^AME IIQVIP*) THE REA^ION 6.ENERATEI7

6A^ THAT WOULP BUBBLE UP THROUGH THE

LIQUIP AMP COilGCT IN THE BOTTLE.

PRlE5TLEy 5T0REP THE 6A5E5 IN Plfi. BLAPPER5 HE HAPPENED TO HAVE LVIN^

AROUNP THE H0U5E.

yrVE INVENTED
. \ THE WHOOPIE
^V <iU^HION.'

J=>

•WATER, UMUE^^ THE 6.A5 WA5 WATER SOLUBLE, IN WMI^M ^^E PRIE^TLEV U5EP MERdURY.



FOR EXAMPLE, WHEN HE ^OMBIMEP A

5TROM6 A^IP WITH IROM FIUIM<^5, THE
REA<:TI0N PROPU^EP a 6A^, or "INFLAM-

MABLE AIR," THAT BURWEP EXPLOSIVELY.

WE Kwow IT AS HypR06EM.

PRIESTLEV MOTI^EP THAT A FLAME BURNEP

EXTRA BRI^HTLV WHEN 5URR0UMPEP BV

THIS MEW 6AS.

ANOTHER EXPERIMENT HEATEP A REP

MINERAL aLLEP "<:ALX OF MERCURY." AS

THE YALX" MELTEP, PROPLETS OF PURE

MERCURY ^ONPENSEP ON THE WALLS

OF THE VESSEL, WHILE fi^AS A^UMU-
LATEP IN THE WATER BOTTLE.

CPRIE^TLEy MEATEP WITH LEM^E^

TO AVOIP ^/VIOKY, A^HV FIRE5.;

SIN^E HE KNEW THAT FLAMES BURN WELL
IN "6.00P" CLE., breathable; AIR AMP
SNUFF OUT IN BAP AIR CAS IN A ^OAL

mine;, he pe^ipep to take a whiff.

AFTERWARP, HE WROTE--

"THE FEELIN6 OF IT TO f^V LUM6S WAS WOT

SENSIBLY PIFFEREMT FROM THAT OF COfA/AOH

AIR. BUT I FAM<:iEI? THAT ^^y BREATH FELT

PARTICULARLY LI6HT AMP EASY FOR SOME

TIME AFTERWARP. WHO aU TELL BUT THAT,

IN TIME, THIS PURE AIR MAY BECOME A

FASHIONABLE ARTICLE IN LUXURY? HITHERTO

ONLY TWO MICE ANP MYSELF HAVE HAP THE

PRIVILEGE OF BREATHIN6 IT."

MOW I'VE

INVENTEP THE
oXYf^EN bar;)

FOR OXY&EN IT WAS..



AT THE ^AME
TIME, IW FRANCE

AKITOINE
UAV0I4IER
0743 - 1794}

WA^ [70IN& A
SIMILAR EXPERI

MENT, BUT IN

REVERSE.

AFTER ALU0WIM6' THE FLA5IC TO COOi,

HE INVERTEP IT AMP UM5EALEP IT UMPER
WATER.

LAV0I5IER HEATEP A PIE^E

OF METALUK: TIM IW a

TI^HTLV ^EALEP FLA5K.

A &RAyi5H A5H APPEAREP

OM THE ^URFA^E OF
THE MELTIM6 TIM.

UV0I5IER HEATEP IT

FOR A PAV AMP A

HALF UMTIL MO
MORE A5H
FORMEP.

HE MOTEP THAT THE WATER R05E ONE-
FIFTH OF THE WAY imto the fu^<.

^0M<:LU5I0M-. OME-FIFTH of the air ORI^IMALLV IM the FUA^IC WA5 REMOVEP BY THE

REA^IOM. THI$ 6A^ MU$T HAVE ^OMBIMEP WITH THE TIN TO FORM THE M>W i>U9^TMC^

AIR, ^AIP LAV0I5IER,

MU^T BE A MIXTURE
OF TWO PIFFERENT

6A^E^. ONE OF THEM.

WHI^H MAICE^ UP ONE-
FIFTH OF THE TOTAU
VOLUME, ^OMBINEP
WITH THE TIN, WHILE

THE OTHER PIP NOT.

10



NEXT UAV0I5ICR REPEATEP THE EXPERIMENT

U5IM6» MER<:URy IM5TEAP OF TIN. OVER

HI6H HEAT, MER<:URy AU50 FORMEP AN A^H

(OR 'CkW) ANP REMOVEP 6.A5 FROM THE

AIR. THEN, WHEN HEATEP fi-ENTLV, THE

A5H 6AVE BM.K THE fi-A^ ANP ALU THE

ORIGINAL MER^URy, A LA PRIE^TLEy.

INTERPRETATION-. THE A^H WA5 A ^OM"
POUMP OF THE METAL ANP OXy^EN
CA METALLIC OXIPE, WE WOULP i>^y).

( THE OXy^EN
^0ME5 FROM
THE AIR IN

THE FU5K.

IN OTHER W0RP5, PRIE5TLEy'5 "&00P
AIR" WA5 THE $AME 6A5 THAT LAVOI-

SIER HAP FOUNP TO MAKE UP 20% OF
THE ATMOSPHERE. THE FREN<:H <:HEMIST

6AVE IT A NEW NAME-. OXV^EN.

LAVOISIER ^ONFIRMEP THIS gy WEI(5-HIN6.-.

THE WEIfi-HT OF THE REMAINING CUNREA^-

TEP; METAL PLUS THE WEI^^HT OF ASH

WAS GREATER THAN THE WEIGHT OF
THE ORIGINAL METAL.

LAVOISIER PREW A

GENERAL ^ON^LUSIOM:

^OMBU^TION WAS A

PROCESS WHEREBy

FUEL iOMBINEP WITH

OXy^EN. IN OTHER

WORPS, FIRE 15 NOT
AM ELEMEMTi its

A <:HEMiaL REAaiON

THAT GOBBLES UP

OXy^EN ANP 6IVES

OFF HEAT ANP LI&HT.

WHAT? NOW WE'RE POWN )

TO TWO ELEMENTS? 7
(j>ORRy, ARu)

11



ANP MORE: UAV0I5ICR

AL50 FOUNP THAT THE
TOTAL WEIGHT OF THE
5EALEP FLA5K PLU5

iONTEMT5 WA^ THE
5AME BEFORE AMP
AFTER THE REACTION.

TIW oxipg +

UMREAaEP TIN +

PEOXy&EMATEP AIR

ANt? 50 HE LAIP POWM THE UAW OF

CONSERVATION OF MATTER.

In chemical reac-

tions, nothing is

created or de-

stroyed. The ele-

ments are merely

rearranged in new
combinations.

LAVOISIER PROPOSE!? A PR06.RAM FOR
<:HEMI5TRy: FINP THE ELEMENTS, THEIR

WEI6HT5. AMP THEIR RULE5 OF ^OMBI-

WATIOW. THEN HE L05T HI5 HEAP IM

THE FRENCH REVOLUTION , ANP THE
PRO<^RAM, LIKE Hl$ HEAP, HAP TO BE

^RRIEP OUT gy OTHERS.

THE WEI6MT OF
THE HEAP PLU^
THE WEI6MT OF
THE BOPy...

uilllJiijMiiiiiiiu^^

CWmi^T^ FOULOWEP THROUfi-H WITH ENTHU5IA5M, AMP By ]0OO HAP Pl5iOVEREP

ABOUT THIRTy EUEMEMT5-AMP MOME OF THEM WA5 WATER. IT TURMEP OUT TO

BE A ^OMPOUMP OF HYPRO^EM AMP OXYGEN.

12



ANP ^OMPOUMP^, TH£y FOUWP, WERE NO
MERE ARI5T0TEUIAM A1I5H-A1A5H. IN^TEAP, COtA-

POUMI75 ALWAYS (iOMBIMEP EI.EMEMT5 IM FIXEP

PROPORTIONS. WATER, FOR EXAMPLE, WA5

ALWAV^ MAPE OF EXAaUV TWO VOLUMES OF

HVPRO^EM <^A^ AMP ONE VOLUME OF OXV^EM.

^\)CW PI^^OVERIE^ V

—

/
LEP JOMN PAUTON
0766 '10AA) TO REVIVE

THE ATOMIC THEORY
OF MATTER. ea<:h

ELEMENT, HE REA^ONEP,

WA$ MAPE OF TINy, INPI-

VI5IBLE ATOM$. THE AT0M5

OF ANiy ONE ELEMENT

ARE ALL ALIKE, BUT

PIFFER FROM THE ATOM^

OF OTHER ELEMENTS.

(^OMPOUNP 5UB^TAN^E5, 5AIP PALTOM,

WERE <:OMPO^EP OF FiXEP 6ROUPIM<&5

OF AT0M5 ^ALLEP f^OlGCVlG^.

ALTHOUGH AT0M5 WERE INVI5IBLy 5MALL, 5^IENTI^T5 Ai^EPTEP THE ATOMIC

THEORy ANyWAy, gE<:AU^E IT EXPLAIMEP WHAT THEY ^OULP 5EE...

1?



MEANWHILE, THEY KEPT UP THE HUMT FOR MEW ELEMENTS, FlNt7IW6. WEARLY

SEVENTY BV THE )960s-m9 WHAT A LI^T IT WA5.' ELEMENTS MI6HT BE

50LIC?, LIQUIP, OR 6.A5EOU$; VELLOW, fi^REEW, BLA^I^, WHITE, OR iOUORLE^^;

^RUMBUy OR BEWPy-, WILPLV REACTIVE OR RELATIVELV INERT.

ONE THIN6 ^OON
BECAME ^LEAR: 50ME
ELEMENTS WERE MORE
ALIKE THAN OTHERS.

40PIUM ANP P0TA6-
5IUM BOTH REA^TEP

VIOLENTLY WITH

WATER. ^HtORINE,
FUUORIWg, ANP
BROMIME ALL ^OM-
BINEP ON A ONE-TO-
ONE BA5I^ WITH

^OPIUM ANP POTA55IUM.

^RBON AMP ^lU^N
BOTH HOO<Et? UP WITH

TWO OXy6CN6... ET^

MM.' ELEMENTS \
HAVE FAMILIES,

I

JU5T LKE PEOPLE.' /

50PIUM REMINP^
ME OF MY fAOfA--

BITTER AMP
REAaiVE...

M



^Q^

OME M0RWIM6 IW 1069, A RU^5IAN

MAMEP PMITRI MEMPEUEEV
(1034-1907) WOICE UP WITH AN IPEA-.

LI$T THE ELEMEMT^ IW ORPER OF
iMd:REA5IN(Sr ATOMIC WEIfi-HT AMP PO A

"TEXT WRAP" AT RE6ULAR INTERVALS.

THE RESULT WA5 A ^ORT OF TABLE, WITH THE ELEMENTS ARRANfi-EP IN ROW^.

HERE'5 A BAPy VERSION OF MENPEUEEV''^ TABLE. CYOU'LL 5EE THE REAL THIN&

NEXT CHAPTER.;

HyPR06EN

LITHIUM



THE TABLE WA5 fi'REAT, gUT

HOW TO EXPLAIN IT? IN

FA^T, HOW TO EXPLAIN

ANV OF ^HEMI^TRy? WHAT
A<:<:0UNTEt7 FOR ATOMIC

WEI6HT5, OR WHI^H ELE-

MENTS ^OMBINEP WITH

WHI^H? (CHEMISTS HAP ^OAIE

FAR IN INTERPRETING

THEIR OBSERVATIONS, BUT

A QUESTION STILL HUN6.

IN THE AIR: WHY? ,^jm

TO FINP THE ANSWER, S<:iENTlSTS FOLLOWED THE

SAME LINE OF TH0U6.HT THEVV BEEN USINfi. ALL

ALONG: IF substan<:es are mape of elements,

ANP ELEMENTS ARE MAPE OUT OF ATOMS, THEN

WHAT, THEV ASKEP, ARE ATOMS MAPE OUT OF?

16



Chapter 2

Matter Becomes Electric

NATURE HAP AMOTHER 5E^RET

BE^IPE^ FIRE... AT LEA5T, IT ^

LOOKEP UKE ANOTHER >
$E^RET AT FIR^T...

THI5 ONE INVOLVE!? AMBER- OR A5 THE g'REEK^ ^LLEP IT, ElEjCTRA.

;^ ^«^^^^' \ W^^E"^ "^^^^^ RUBBEP THI5 5TUFF WITH
^/ you mm W< ^ Auoz-i^ikiA > fur, it a^ep ^tran^elv, attra^in^

FLUFF ANP FEATHER5 ANP THE HAIR ON

THE ^KY. Of yOUR ARM.

^ENTURIE5 UTER, AN EN^LI^HAIAN NAMEP WILLIAM

GILBERT FOUNP OTHER MATERIALS WITH THE ^AME

PROPERTy. HE ^AIP THEy ALL HAP "ELEKTRA."

THEN PEOPLE NOTI^EP THAT THERE WERE REALLy TWO <INP5 OF "ELE^TRI^"

MATERIAL^: ONE REPELLEP WHAT THE OTHER ATTRAaEP, ANP VI^E VER5A.

'o'

17



AROUMP M50,
BENJAMIN
FRANKHN
C\706-M90)
FIR5T ^ALLEP
THE5E TWO
k:inp5 of
ELE^RI^ilTy

POSITIVE AMP
NEGATIVE.

POSITIVE, 5AIP FRAWXTLIM, REPEU5 POSITIVE;

NEGATIVE REPEL5 NEGATIVE-, AMP POSITIVE

AMP ME6ATIVE ATTRA<:T EA^H OTHER AMP

CmC^l EA^H OTHER Om. IM ORPIMARV,

NEUTRAL MATTER, OPPO^n^ <:har6.e^

ARE PRESENT IN EQUAL AMOUNT.

WE6ATIVE ^HAR6E5 Cm 50METIME^ FLOW
OUT OF A 5UB^TAN<:E, (iREATIN^ A ^HAR6E

IMBAUAN^E-AN EX^E5^ OF NE^'ATIVITy

HERE ANP PO^ITIVITV THERE-

BUT BE^U^E OF THE MUTUAL ATTRAaiOM,

THE NE&ATIVE5 MA/ ^UPPENLV FLOW BA^<

TO THE POSITIVE <:HAR&E WITH A 5PARK.

"TWO NKS'HT^ A60, BEIN6. ABOUT

TO KILL A TURKEY BX THE i>WC\(:

FROM TWO LAR6E 6LA^^ JAR5,*

^ONTAININfi. A^ MU<:H ^IGCTRiCM

FIRE A5 FORTV COMMON PHIAL5, I

IMAPVERTENTLy TOOK THE WHOLE
THROU(?H My OWN ARM5 ANP BOPy,

By rE(:eivin6 the fire from the

UNITEP TOP WIRE5 WITH ONE HANP

WHILE THE OTHER HELP A ^HAIN

^ONNE^TEP WITH THE OUT^IPE OF

BOTH JAR5."

-BENJAMIN FRANKLIN, 1790

•JU5T ONE OF THE WAV^ THE FUN-L0VIN6 F0UNPIN6 FATHER UIKEP TO AMU^E HIM^EUF!

IS



WITH THE IMVEMTION OF THE Ql^CTRlC

BATTERy Cgy VOLTA IW WOO), ONE C0V19 RUN

A 5TEAPy 5TREA/W OF ME^^ATIVE ^HAR&E-
A CURRKNT-THR0U6.H A COPPER WIRE, ANP
MAyBE THROU^-H OTHER MATERIALS A^ WELU.

CWm\'?T'? TRIEP RUNMIM6 ^lUTR\C\n
THROUGH ORPIMARy WATER. TWO METAL
^TRIP^, OR ELEaR0PE5, WERE ^OMME^EP
TO A BATTERy AMP IM/VIER^EP IM WATER.

A5 ^HAR&E BUIUT UP OM THE ELE^ROPE^,
BUBBLES OF HyPRO^EM 6A^ APPEAREP

AT THE ME6ATIVE ^TRIP, OR ^ATHOPC-
BUBBLES OF OXYGEN FORMEP AT THE
POSITIVE 5TRIP, OR AMOPE.

^IQCTRiaV/ 5PLIT$

WATER.' ^a^UV^T^
i>OOH TRIEP THI5

ELErTROLV^I^
C^lUJR\C $PLIT-

TIN^^; ON OTHER
5UB$TAN^E5. MELTEP

TABLE ^ALT THEy

FOUNP, yiEUP5

METAUUI^: 50PIUM
AT THE ^THOPE
ANP fi-REEN, TOXI^

^MUORINE 6A6
AT THE ANOPE.

ir^ A BI6 LEAP FROM FINPIN6

ELE<iTRI<ilTy IN A FEW PLA^E5

TO ^EElNfi- IT EVERyWHERE. BUT

THAT'^ 5^ien<:e for you.'

LON6 LIVE THE
)

INPU^TIVE MCTHOP/y'

-P^^—^

/I
p^'^^^' A

!rMCu/i£
By THE ENP OF THE 19TH ^ENTURy,

^^IENTI$T5 WERE (iONVIN<:EP THAT
ATOM^ WERE MAPE OF 91QCTR\C
IN6REPIEMT6.

^9



AMP 50 THEV ARE. HERE'5 THE IPEA-.

ATOM^ ARE MAPE UP OF SMALLER, ELE^-

TRiaUUy <:HAR6.EP PARTI^LE^ CAMP 50ME

MEUTRAL PARTI<^LE5 TOO). EA^H ATOM HA5

AM EQUAL MUMBER OF POSITIVE AMP NEGA-

TIVE <:HARGE5. the MEGATIVEUy ^HAR&EP

PARTI(:UE5, ^ALLEP ELErTRON^, WEIfi-H

LITTLE AMP MOVE AROUMP EA^ILV.

A PEPARTIMG ELE^ROM LEAVE5 BEHIMP A

PO^ITIVELV ^HAR6EP ATOM, OR POSITIVE

ION. •5UiH I0M5, ATTRA^EP TO ^THOPE^
CWHIiH ARE MEGATIVEA ARE ^LLEP
^ATIOM^ CPROMOUM^EP "^T-EyE-OMZU

OTHER KIMP5 OF AT0M5 ACQUIRE ELETTROM^

TO BECOME MEGATIVELV ^HARGEP I0M5,

OR AMI0M6, attra<:tep to amope^.

im table 5alt, for example, 50pium

<:atiom5 are attra<:tep to (^hloripe

ami0m5 amp arram6.e them^elve^ imto

A <:Ry5TAL, 60PIUM ^HL-ORIPE.

PURIMfi. ELE<:TROLy5l5, THE5E I0M5

MIGRATE TOWARP THE ELEf^TROPE^,

AMP THE 5ALT PI^^O^IATE^.

All-Important Fact:
ATOM$ ^OMBIME iHEMI-

^LLY gy 5HARIMG OR
TRAM5FERRIMG ELEaR0M5.

^MANK?\

50-TO UMPER5TAMP ^HEMI^TRV, WE MEEP

TO $EE HOW ele<:trom5 behave WITHIM

EA^H ATOM.

MOW FOR
THE 5MALLTHAT'^ THE

ZO



HOW 5MAUL 15 THE 5/VIALL PICTURE? LET'5 TRX ^HRINKIM^S' POWN OWE MILLIOM TIMK.
A HUMAN HAIR 15 NOW THIRTy 5TORIE5 TWCK- gA<:TERIA ARE THE 5IZE OF T0RPEP0E5...

ANP AT0M5 ARE JU5T BAREUV VI5IBUE A5 TIMV 5PE<:i<:5.

5HRINKIN6. ANOTHER TH0U5ANP TIME5 BRIN65 U5 TO NANOMETER (^= 1^'' /VIETER}

^^LE. I'M JU5T 5Hy OF 2 tim TAUL. THE AT0M5 ARE NOW ABOUT ONE-TENTH fAV

5IZE. WE'RE IN A VERy ENERfi-ETI^ ENVIRON/WENT-. Llfi^HT WAVE5 ARE ZOOMING

AROUNP, ANP ALL THE AT0A15 ARE Jl^fi^LIN^.

THI5 1^ 6RAPMITE
FROM 50ME PENCIL

^HAVINfi-^. THE aRBON
AT0M5 ARE ARRAN6.EP

IN 5HEET5 THAT ^N
5LIPE OVER EA<:H OTHER

EA5ILy. THI5 EXPLAINS

WHV 6.RAPHITE 15 A

^OOV LUBRiaWT.*

N. BUT 5TILL

NOTHING

??3^
^is

^ ^

LET'5 5HRINK TEN MORE TIME5 TO ATOMIC 5IZE-1^''^METER'ANP LOOK AT A

5IN6'LE CARBON ATOM. I Cm VAfi-UELy 5EN5E 50ME ELEaR0N5 HUMMIN6.

AROUNP, ALTHOUGH THEy'RE AWFULLy HARP TO PIN POWN.

€&4 BUT WHERE ARE THE

POSITIVE <:HAR6'E5?

•in pure form, pencil leap 15 A MIXTURE Of 6RAPHITE ANP CIM.
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MOW I'M A MUNPREP TIMC^ SMALLER, AT PI^OMCTCR ^^AUE. THAT'^ A

MILLIONTH OF A MILLIONTH, OR W^^ ACTUAL ^IZE. THERE AT LA$T ARE

THE POSITIVE ^HAR&E5, ALL LUMPEP TOfi^ETHER AT THE VERV CENTER OF

THE ATOM IN A TINV <:ORE OR NU^tCU^. IF THE PIAMETER OF THE ATOM

WERE THE LENGTH OF A FOOTBALL FlELP, THEN THE NU^LEU5 WOULP BE

SMALLER THAN A PEA. THE ATOM 15 MOSTLY EMPTV ^PA^E.'

W'''^m

• .
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ORPIWARIUy, THE C^RWh^

WCIW? COU$\^r^ Of TWELVE

parti<:lE5. •^ix PR0T0N6
WITH A POSITIVE ^HAR^-E AMP

5IX MgUTRON^ WITH MO
^HAR6E AT ALL. THE PR0T0M5'

^HAR&E 1^ BALAM^EP PV

THE ^IX H0VERIM6. ME&A-

TIVE ELE^ROM^, 50 THE

ATOM 15 MEUTRAL OVERALL.
^^S^%®

THE MU<:LEU5 15 HELP T06.ETHER BV A POWERFUL, ^HORT-RAM^^E ATTRAaiON

aLLEP THE 4TRON6 FOR^E * WHI<:H 0VER^0ME5 QlGCTRiai REPUL5I0M.

THI5 IMTEM5E PULL MAKE5 M05T MU^^LEI VIRTUALLV IMPE5TRUaiBLE. THI5 VERY

5AME ^ARBOM ATOM HA5 BEEM R0AMIM6 THE EARTH FOR BILLI0M5 OF yEAR5.

Ai(^

GRoU(JC> O

NEARLV ALL THE ATOM'5 MA55

15 ^OM^EMTRATEP IM THE TIMy

NU^LEU5. EA^H PROTOM AMP
MEUTROM CTHEy HAVE ALM05T

EXA^Ly THE 5AME WEI^'HT;

HA5 104^ TIME5 THE MA55 OF
AM ELEaROM.

TO BE
PRE<:i5E:

iQoO
parti<:le



NOW FOR A FEW HEUPFUL

definitions:
AN ELEMENT'^ ATOMIC NUMBER
15 THE NUMBER OF PR0T0N5 IN

IT5 NU^UEU5. aRBON'5 ATOMIC

NUMBER 15 6.

ALMOST 99% OF ALL ^RBON AT0M5 ON EARTH HAVE 5lX NEUTR0N5 ALON<&

WITH THEIR 5IX PR0T0N5. WE ^ALL THI5 aRBON-12 (fANP $0METIME5 WRITE ^K),

5IN^E IT5 MA55 15 50 ^L05E TO THAT OF TWELVE NUCLEAR PARTI^LE5.

MORE PRE^l5ELy, ^HEMI5T5 PEFINE

AN ATOMIC MAf6 UNIT, or

AMU, TO BE PRE^I5ELy ONE-
IWEUFTH THE MA^ OF A
^^^ ATOM. THE COtAIAOW

CARBON ATOM HA5 A MA55 OF

EXA^LV n.000000 AMU, BV

DEFINITION. ALL OTHER ATOMIC

MA55E5 ARE C0N[PVT9\? RELATIVE

TO THI5 REFERENCE.

EA^H PROTON AMP NEUTRON
WCIfi'H^ ABOUT ONE AMU.

THE OTHER 1.1% OF ^RBON AT0M5 HAVE 5EVEN NEUTR0N5. THERE MU5T 5TILL

BE 5IX PR0T0N5 C0THERWI5E ir5 NOT ^RBON/;, BUT THI5 ^ARBON-1? ATOM

WEI(^H5 APPRE^IABL/ MORE THAN <:ARB0N-12.

H, ^^C, ANP A VERy RARE

FORM, ^"^C, WITH EI6HT

NEUTR0N5, ARE ^ALLEP

\^OTO?G^ OF CARBON.

THE I50TOPE5 OF AN

ELEMENT HAVE THE 5AME
NUMBER OF PR0T0N5, BUT

DIFFERENT NUMBER5 OF
NEUTR0N5.

^H NU^L£U5 ^^C NU^LEU5

25



THE 5IMPLE5T ATOM OF ALL 15 HYPRO^N, ^VMBOL H, WITH AW ATOMI<:

MUMBER OF OME. IN MEARLV ALL HyPR06.EN AT0M5, A ^IM^^LE ELE^RON 0RBIT5

A 5IM6LE PROTON, BUT I50TOPE5 WITH ONE ANP TWO NEUTR0N5 AL50 EXI5T.

^H ^H rPCUTERlUM"; ^H rTRITlUM";

ANOTHER FAMILIAR ELEMENT 15 OXY^CW, ^VMBOL 0. IT5 ATOMI<: NUMBER 15

e. IT5 M05T COfAfAOH I50T0PE HA5 Elfi-HT NEUTR0N5 FOR AN ATOMIC

WEI6HT OF APPROXIMATELY 16/ OTHER I50TOPE5 IN^LUPE ^^0 ANP ^^0.

Ŵ
'*o nu<:leu5 ^^0 NU^LEU5

NOW you MI6HT A5k:, IF EVERy

ELEMENT HA5 AN ATOMIC NUMBER,

P0E5 EVERy NUMBER HAVE AN

ELEMENT? 15 THERE AN ELEMENT

WITH 37 PR0T0N5? 52? 92?

THE ACTUAL MA^^ OF '*0 15 15.9949 AMU. THE "MI55IN6 MA55" 15 iOMVERTEP TO THE ENERGY OF THE

5TR0N(S. F0R(:E THAT eiNP5 THE WU^LEU5 TOGETHER. OTHER AT0M5 HAVE SIMILAR FRACTIONAL WEI6HT5.
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MATURE, IT TURKIC OUT, MAKE5 AT0M5 WITH EVERY NUMBER FROM 1 (HVPRO^EKi;

TO 92 CURAMIUM;, AUTHOU&H a few EUEMEMT5 IM THERE ARE VERY ^CAR^E.

THE 5EQUEM^E 5T0P$

THERE BEaU^E LAR6E

NUCLEI CTHO^E ABOVE 03,

BI5MUTH ; ARE UW5TABUE.

BEVOMP URAMIUM, 92, THEV

FALL APART ^O QVICKIV

THAT WE POM'T 5EE THEM
iM MATURE. puy^ia^T^ cm
MAKE MU^LEI WITH MORE
THAM 92 PROTOM^, BUT

THEY POMT 5URVIVE L0M6-.

HERE 15 A LI5T OF THE 92 MATURALLV O^^URRIM^ EUEMEMT^--

1. Hydrogen, H

2. Helium, He

3. Lithium, U
4. Beryllium, Be

5. Boron, B

6. Carbon, C

7. Mitrogen, M
0. Oxygen,

9. Fluorine, F

IC Mcon, Me

11. Sodium, Ma

12. Magnesium, Mg

13. Aluminum, Al

14. Silicon, 5i

15. Phosphorus, P

16. Sulfur, 5

17. Chlorine, CI

10. Argon, Ar

19. Potassium, K

2£'. Calcium, Ca

21. Scandium, 5c

22. Titanium, Ti

23. Vanadium, V

24. Chromium, Cr

25. Manganese, Mn

26. Iron, Fe

27. Cobalt, Co

20. Mickel, Mi

29. Copper, Cu

30. Zinc, Zn

31. Gallium, 6a

32. Germanium, 6c

33. Arsenic, As

34. Selenium, 5e

35. Bromine, Br

36. Krypton, Kr

37. Rubidium, Rb

30. Strontium, 5r

39. yttrium, y

AO. Zirconium, Zr

41. Miobium, Mb

42. Molybdenum, Mo

43. Technetium, Tc

44. Ruthenium, Ru

45. Rhodium, Rh

46. Palladium, Pd

47. Silver, Ag

40. Cadmium, Cd

49. Indium, In

50. Tin, 5n

51. Antimony, 5b

52. Tellurium, Te

53. Iodine, I

54. Xenon, Xe

95. Cesium, Cs

96. Barium, Ba

57. Lanthanum, La

50-71—Mever mind these.'

72. Hafnium, Hf

73. Tantalum, Ta

74. Tungsten, W
75. Rhenium, Re

76. Osmium, Os

77. Iridium, Ir

70. Platinum, Pt

79. 6old, Au

90. Mercury, Hg

01. Thallium, Tl

02. Lead, Pb

03. Bismuth, Bi

04. Polonium, Po

05. Astatine, At

06. Radon, Rn

07. Francium, Fr

00. Radium, Ra

09. Actinium, Ac

90. Thorium, Th

91. Protactinium, Pa

92. Uranium, U

(93, 94, AMP ABOVE ARE

ARTIFICIAL ANP UM5TABLE.;
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The Elusive Electron
TO TURN THAT RATHER 5TAR< L(5T INTO A PERIOPI^ TABLE-FOR THAT 15 OUR

(S'OAL-WE NOW TURN TO THE ATOM"'^ OTHER MAIN INfi-REPIENT, IT5 ELE^RON^.

THE5E, WE 5HOUU17 WARN iO\), PEFV COMMON 5EN$E, BEaU^E EUE^RON^, YOU 5EE,

OBEY THE BIZARRE RUI.E5 OF MOPERN PHY^I^^ ^LLEP QUAMTUM MC^HAWl^^.

WRAP yOUR MINP

AROUNP THI5-. AN ELEC-

TRON 15 A PARTIBLE,

LIKE A MARBLE, BUT

AL50 A WAVE, LKE A

BEAM OF LI6HT. A5 A

PARTICLE, IT HA5 A DE-

FINITE m6, arnoG,
ANP 4PIM, BUT IT AL50

HA5 A WAV£UEW6TH.
ir5 "5MEAREP OUT" IN

50ME WAV. IT5 PRECIPE

POSITION 15 ALWAy5 A

BIT UNCERTAIN. MAKE

5EN5E? WE PIPNT

THINK 50.'

HOW CAN you BE
TWO THIN(5.5 AT
THE 5AMg TIME?

I'M NOT.'

THAr5 JU5T

IN IT5 6UI5E A5 A PARTICLE, AN ELECTRON INHABIT5 A 50RT OF "PROBABlLITy

CLOUP"-NOT A CIRCUUR ORBIT. THE PEN5E5T PART5 OF THE CLOUP ARE WHERE

THE ELECTRON 15 LIKELIE5T TO ''BE"-IF IT CAN BE 5AIP TO BE ANyWHERE,

WHICH IT CAN'T EXACTLy. THE5E CL0UP5 NEEP NOT BE ROUNP, By THE WAy.

NUCLEU5

REGION
OF HI6HE5T

PROBABILITy OF
FINPIN6 AN
ELECTRON

NUCLEU5

20



WE ^AM AL^O VISUALIZE THE ELECTRON A5 A WAVE. BEAMIW(^ AROUMP THE WCIGV^.
IW THI^ PICTURE, QUAWTUM thUWm\C^ TELU^ U5 THAT THE ELECTRON 15 ALWAV^ A

"5TAWPIM6 WAVE." THAT 15, IT "^^OE^ AROUNP" THE WClWi> A WHOLE NUMBER
OF WAVEIEN^TH^: 1, 2, ?. 4, et<:., but wever a fra<:tiowau vauue.

O.K. ox. WEVER.'

IM OTHER W0RP5, ONUV CERTAIN PI5<:RETE "0RBIT5" ARE AVAIUBLE TO AW ELEaROM IN

AW ATOM.

LET'5 ^0NTRA5T THI5 WITH A A10RE FAMI-

LIAR ^y^TEM: A PUANET ORBITING A 5TAR.

IMAfi'lME THAT 50METHIM6. fi'lVE^

THE PLANET A WUC^E, APPIKifi-

EWER<&y TO IT.

THE EXTRA ENER^V PU5HE5 THE PLAWET

IMTO AM ORBIT FARTHER FROM THE 5TAR.

IM FA^T, WITH A Bl^ EMOUfi-H JOLT, THE
PLANET WILL E^^APE THE 5TAR'5 GRAVI-

TATIONAL PULL COMPLETELY.
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AM ORBITING I^IUTROH 1^ SIMILAR •• IT MAY

AB^ORg A JOUT OF ENER^V, TOO, IM THE

FORM OF A BEAM OF LK^HT, FOR EXAMPLE.

4
BUT THE ELE<:TR0N MU^T JUMP TO AM
ORBIT (:0M^I5TENT WITH A WHOLE
MUMBER OF WAVELEM(^TH^.

c
^<3==^

THI^ MEAM$ IT Cm ABSORB OMLV (^ERTAIM FIXCP AMOUNTS OF ENER^y-. JU5T

EM0U(5.H TO JUMP THE ELE^ROM TO OME OF THE HId'HER AVAILABLE ORBITS. UNLIKE

A PLAMET, WHI^H ^M ABSORB EMER^V ^RAPUALLV AMP ORBIT AT AMY PI5TAM(:E, AN

ELEaROM'^ ENER^y 15 LIMITEP TO CERTAIN VALUER.

PLANET-. AUU ORBITS

ARE P05^IBUE

EUE^ROM: ONLV ^OME
ORBITS ARE PO^^IBUE

WE 5Ay THE ELEaROM''^ EMER^V 15

QUANTliCP-- IW AMV &IVEM ATOM, THE

ELE^TR0M5 cm M>^UfAQ ONLY <:ERTAIM

FIXEP, PI5<:RETE EMER6.y LEVELS.



THE ^IMPLE5T CXAAIPLC 15 HVPRO^EN:
ONE ELECTRON PULLEP BV A 5IN&LE

PROTON. THE EUE^RON ^N INHABIT

ANV ONE OF 5EVEN DIFFERENT LEVELS,

OR "^HELL^; MI^LEAPIN&LV PEPiaEP

HERE A5 ^IR^ULAR 0RBIT5.

THI5 6RAPH 5HOW5 THE EUEaRON'5 ENER<^y IN EA^H $HELL

T
? 4 5

$HELL NUMBER

THE EMER6.y UNIT HERE 15

THE ELgrTRON VOLT
CeV). OWE eV 15 THE CMCR^V

6AIMEP gy ONE ELEaRON
PU5HEP gy ONE VOLT.

CMOTE-. IM AT0M5, AN CLE<:-

TRON'5 ENER&y 15 NEGATIVE,

5INiE ENER^y MU5T BE

APPEP TO PULL THE ELE<:-

TRON FREE OF THE NU^LEU5.

THE FREE 5TATE 15 TAKEN

TO HAVE ENER^y = 0.)

TO RAI5E AN ELECTRON FROM ^HELL 1

TO 5HELL 2 REQUIRE5 AN ENER^y EQUAL
TO THE PIFFEREN^E L-^A) - (.-\?>.b) =

13.6 -?.4 = 1(7.2 eV.

TO REMOVE THE CLE^RON <:OMPLETELy

ANP MAKE A HyPRO&EN ION REQUIRE5

1^.6 eV. THI5 15 ^LLEP THE ATOM'5

IONIZATION ENgR^y.

(Ie5UNPHEIT
^7-^

?i



wow Lcr^

Bl^fi-ER AT0M5.'

LAR6CR AT0M5, LIKE HELIUM, LITHIUM, OR TIM,

AL50 HAVE UP TO 5EVEW ELE^iTROM 5HELL5. BUT
IN THE^E ATOM^, THE "HIGHER" 5HELL^ Cm HOLP
MORE ELE^RON^ THAW LOWER ^HELL^ ^AW.

Hi6HER-5HELL ELE^TR0W5 <:AW AL50 HAVE MORE
COMPLEX ^OWFIGURATIONS, OR 0RBITAL4, THAW

LOWER-^HELL ELE^TROWS. yOU aw THiWK OF

THESE 0RBITAL5 A5 EWER&V 5UBLEVELS. DIFFERENT

5UBLEVEL5 ARE aLLEP 5, p, d, AMP f , ANP EA<:H

ORBITAL aw HOLP U? TO TWO CUCrTROM^.

THEY L00< \
LIKE BALLOON

J

POGfS'lE^.' J

-^

5.HELL 1 HA5 ONLY AN 9 ORBITAL,

whi<:h 15 ^PHERi^L. IT <:an HOLP
ONE OR TWO ELE^TRON^.

5HELL 2 HA5 ONE 5 ANP THREE p 0RBITAL5,

WHI^H LOOK ^OMETHIN^' LIKE PUMBBELL5. WHEN
FULL, THI5 5HELL H0LP5 EI^-HT ELE^RON^.

5HELL 3 HA5 ONE s, THREE p, ANP
FIVE d ORBITAL^ CF0R6ET PRAWIN6
THEM ALL.';. WHEN FULL, IT H0LP5
16 ELE^TROW^ C2 X [1 + 3 + 5] X

p d "-^ a

AMP THREE MORE d ORBITAL^

5HELL5 4 ANP HI6.HER HAVE ALL OF
THAT PLU$ 5EVEN f 0RBITAL5-UP TO
32 ELE^RON^ TOTAL.

€.

^ Ik:

r'-V V^>

5 OF THE5E 7 OF THE5E

?2



THI5 PIA&RAM ^UOm TH£

ENER^y LEVELS OF THE

PIFFERENT 0RBITAL5. THE

FARTHER UP THE PAfi-E, THE

HIGHER THE EMER&y.

MOTE THAT THE 5HELL^

HAVE OVERLAPPING
EMER6IC4: E.6., 50ME
ORBITAL^ IN 5HELL 4

(:4a AMP 4f; have higher

EMERfi'V THAM $0A1E ORBITAL^

IM ^HELU <? Cys), EVEM

THOUGH 4 1^ "LOWER" THAM 9.

MOTE-. 25 MEAM5 THE s

ORBITAU IM ^HELL 2, 4d

MEAM5 THE d ORBITAL IM

5HELL 4, ET^. EA^H ARROW
LEAP5 TO THE ORBITAL

WITH THE MEXT-HI6.HE^T

EMER^y.

a5 we builp up am atom,

ea<:h ele<:trom "wamt^" to
6-0 imto the lowest

AVAILABLE EMERfi-y 5TATE.

WE 5TART AT THE LOWEST,

THEM WHEM THAT FILL5 UP,

60 TO THE MEXT-L0WE5T,

ETi.

DC

Z

MOTE-. EA^H <:IR<:LE REPRC- K
$EMT5 A $IM(5.LE ORBITAL, \
I.E., AW ELECTROS! PAIR.



MOW LCT''$ BUILP 50A1E AT0A15.

1. HyPRO<^EN, H, HA^ ONE ELEaRON.
IT MU^T BE IN THE LOWEST $HEUL*5

s ORBITAL. WE WRITE THI5 A^ Is'.

Is' o
3. LITHIUM, L-i, HA^ TO PUT THE THIRP

ELEaRON IN A NEW ^HELL, '5HELL 2.

Is^is'

INNER

^HELL

2. HELIUM, Me, APP5 A ^E^ONP ELECTRON
TO THI^ s ORBITAL. NOW 5HELL 1 1^ FULL,

ANP WE WRITE Is^.

1s2

remember-. two
ele<:tron^ per
orbital, t0p5?

4. BERYLLIUM, Be, ^OMPLETE^ THE 2s
ORBITAL.

1s^2s

FROM HERE
ON, WE OMIT
THE INNER

5HELL IN THE
PRAWIN<^.

9. BORON, B, APP^ AN
ELE^RON TO A 2p
ORBITAL.

1s22s^2p'

9. OXYGEN,

6. dARBON, C:, APP5 AN 7. MlTRO^EN, N, APP^ AN

ELECTRON TO THE 5E^0NP ELE^RON TO THE THIRP

p ORBITAL. P ORBITAL.

9. FLUORINE, F W. NEON, Ne, iOMPLETE^
5HELL 2.

hHsHp^ 1s^2s^2p5 1s22s22p*
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TO FIWP OUT WHAT HAPPENS IM EUE/MEMT #11, L00< AT THE <iHART OW p ??. AFTER

2p FILU5 UP, THE U0WE^T-EWER6y AVAIUBUE ORBITAL 15 ?s, IW THE THIRP 5HEUU,

FOLLOWED 9V 3p. iO WE HAVE--

11. eOPlUM. Na. WE ^M WRITE THI5 A5

^^e35^ INPI^TIW^ OME 5 ELE^ROM OR-

BITIW6. 0UT5IPE A 6.R0UP OF ELE<iTR0M5

JU5T LKE MEON'5.

Ne?s'

12. /HA6ME5IUM, Mq. ^IMIURL/, WE ^N
WRITE THI5 A5 Me?s^.

We?s2

13. ALUMINIUM, Al 14. ^ILI^OW, 5t 15. PH05PHORU5, P

Ne?s^?p'

16. SULFUR, 5

Ne?s^?p2

17. CHUORIWE, ^l

Ms?s^3p'

10. ARfi-OM, Ar

Ne?s23p4 Ne?s23p5 We?s^V

IF you COMPARE THE5E AT0M5 WITH TH05E ON THE PREVIOUS PA(^E, VOV WILL 5EE

THAT ELEMENTS 11-10 ARE LIKE "BI6. 5I5TER5" TO ELEMENTS 3-1^. EA^H OF THE

AT0M5 OM THI5 PA6E HA$ AN OUTER 4HCLt IPENTI^L TO THAT OF THE ATOM

JU5T EI6HT ELEMENTS BEHINP IT.'

?5



WE WRITE THE FIR5T EKS-WTEEM ELEMENTS IW A TABUE. IN ANY COLVm, ALU THE AT0M5

HAVE THE ^AME OUTER ELE^RON ^OMFlfi-URATIOW.

1
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THE FIFTH ROW FILL^ UP IW CXA<:TUy THE 5AME WAV A^ THE FOURTH: FIR^T THE

OUTER s, THEM THE INKIER d, THEN THE OUTER p-

THE EUEMENT5 THAT ARE

"FLAT ON THE PA6E" ARE

auLEP MAIW-6R0UP
EUCMEMT^. TH05E IN

THE L00P5 ARE aULEP
TRAM^ITIOM MCTAU4.

1
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TURN THI5 PA6E ^IPEWAV^ TO 5EE THE PERIOPI^ TABLE A$ IT 1$ U^UALLV PI^PLAVEP.

THE <d-L00P5 ARE FLATTEWEP OUT TO 5H0W EVERY ELEMENT. THE 14-ELEMENT f-LOOP,

AFTER 97, LANTHANUM, 15 iUT OUT ANP PUT BELOW THE MAIN TABLE. THE TABLE'^

"TAIL," THE A^TINIPE 5ERIE5 AFTER 09, 15 AL50 AT THE BOTTOM.

-^1



WHAT'^ 50 P9RIOV16 ABOUT THE PERIOPKi TABLE? WHAT

PROPERTIED REPEAT THE/HDELVE5 IN THE COlUm^? WHAT

TREM75 70 WE TRA^E ALON& THE R0W5?

The Outermost Electrons
A10VIM6 UEFT TO RI&HT

AL0M6 A ROW OF MAIN-

fi'ROUP ELEMENTS, THE

NUMBER OF OUTER ELE^-

TROND &OED UP DTEAPILV.

6.R0UP 1 ELEMENTS ALL

HAVE ONE OUTER ELECTRON,

(5.R0UP 2 ELEMEMT5 HAVE

TWO, ET^., UNTIL THE LA5T

6.R0UP, WHI^H ALL HAVE

EI6HT. TRANSITION METAL5

HAVE EITHER ONE OR TWO
OUTER ELECTRONS.*

NUMBER OF 0UTER-5MELL GiUTROH^

1 2 3 4 9 6 7



Ionization Energy
AN ATOM'5 lOWIZATION EMER^y-
THC EMERfi-y MEEPEP TO REMOVE AM

OUTER EUEaRON-PEPEMP^ ON THE

ATOM'5 5IZE.

FOR EXAMPLE, (S-ROUP 1 ELEMENTS

HAVE A ^iNfi'UE valen<:e eue<:tron

FAR AWAV FROM THE WCIW^. IT

5H0ULP BE EA^y TO PRy OFF. THE5E

ELEMENTS ^HOULP HAVE LOW IONI-

ZATION ENERfi'lE^.

H



Electron Affinity
rm PROPCRTy, the fuip 5ipe of ionizatiow

EMER^y, /V\EA^URE5 AM ATOM''^ "WILLIN&ME^^"

TO BE^O/ME AN ANION, I.E., TO APP AN EXTRA

ELE^RON.

^TRAV ELE^TRON^ MAV FEEL THE NUCLEAR

PULL ANP ATTACH THEM^ELVE^ TO ATOM^,

E^PE^IALLV IF AN UNFILLED OUTER ORBITAL

1$ AVAILABLE.

HI6HER ELECTRON AFFINITY



TH£ PERIOPI^ TABLE 15 BROAPLV PIVIPEP ALON(^ A 5TAIR5TEP BORPER INTO

/V1ETAU5 ANP N0NA1ETAL5, WITH A FEW ^0NFU5EP "A1ETAUL0IP5" 5TRAPPLIN6

THE FEM^E. METAL5, ON THE LEFT, VA^TLV OUTNUMBER N0NMETAL5, THANKS
TO ALL THE ELEMENTS IN THE "L00P5".



IN FA^T, THEV RARCLV

REAa WITH AWyTHIN^.

THEV JU5T FLOAT

AROUMP IW AN UN^ON-

NE^EP, 5TANC70FFI5H,

6A^EOU5 5TATE ANP

^O ARE KNOWN A5

NOBLE 6A5K. you

ALREAITV KNOW ABOUT

MEOM, BUT THE MO^T
COMMON 15 AR60M
CAUM05T 1% OF THE

ATAIO^PHERE;. it 15 U5EP

IN ORPINARV IN<:ANt7E5-

^ENT U6HT Wl^^,
5IN^E IT WON'T REA^
WITH THE HOT
FILAMENT.

the la5t column of the

periopk: table i5 uniquely

5tran($.e. it5 penizen5, be^u^e

they live far to the ri&ht,

HAVE HI6H lOMIZATION
gMER6IE5, 50 THEy PON'T

EA5ILy MAKE ^ATI0N5. THEy

AL50 HAVE tOW Q19CTROH
AFFIMIT/ BEaU5E THEIR OUTER

0RBITAL5 ARE FULL, 50 THEy

PONT MAKE ANI0N5 EITHER!

I NEEP NOTHING.
I yiCLP NOTHING.
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JU5T LIKE REAL MOBILITY, THE

MOBLE fi-A^E^ ARE THE EMVV OF
THE COMMON ELEMENTS. EVERY-

OWE WANT^ THAT FULL (COMPLE-

MENT OF EI6HT OUTER ELE^ROM^.

WE aLL THI5 THE RULE OF EI6HT: AM ATOM TEMP5 TO PICK UP OR ^-IVE

AWAY JU5T EM0U6H ELE^TROM^ TO MAKE EKS'HT IM IT5 OUTER 5HELL-AM

METALS TENP ^-s (9^ MONMCTAL^ ^-Ol®! _ 'Z

TO 5HEP i^H (3>A /^ TENP TO U-
ELE^RON^... X^ ^ QUIRE THEM.

^ - - e.

AMP THI5 BRIM6-$ U5 TO THE
5UBJE^T OF OUR MEXT CHAPTER..

00! 15 THI5 WHERE \

THEY 6ET EXP05EP TO I

WEIRP RAY5 AMP TURM /

iMTo RAPIOArriVE
WEREWOLVES?

(VfA... NOT ]

EXA^TLV^ /•^^

BEFORE 60IM6. OM, PLEASE TAKE A MOMEMT TO APPRE<:iATE HOW AMAZIMfi-

THI5 CHAPTER HA5 BEEM. 5TARTIM6 FROM 50ME WEIRP PROPERTIED OF

ELEMEMTARY ATOMIC PARTI^LED, 5^IEM<:E HAD MAMA6EP TO PED^RIBE THE

ATOM, EXPLAIM THE PERIOPI^ TABLE, AMP A^^OUMT FOR MAMY iHEMI^L

PROPERTIED OF THE ELEMEMTD. MO WOMPER ATOMIC THEORY HAD BEEM

aLLEP "THE SIMPLE MOST IMPORTANT IPEA IN S^IEN^E."
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Chapter 3

Togetherness
IF ELEMENTS AMP ATOM$

WERE ALU THERE WERE,

^HEMI5TRy WOULP BE A

PRETTy PUUU ^UBJEa.

AT0M5 WOULt? JU^T

JI6.($-LE AROUMP BV THEM-

5EIVE5 LIKE A BUN^H

OF NOBLE ^A^E^, ANP

MOTHINfi' WOULP HAPPEM.
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BUT IN REALITY, ^HE/MI^TRV 15 A 50RT OF FREMZV OF T06.ETHERNE55. A^05T

AT0A15 ARE (^RE6ARIOU5 LITTLE ^RITTER5... AKJP THAT'5 HOW WE'RE &OIN(^ TO
PRAW THEM, 50METIME5... A5 LITTLE ^RITTER5.

THE ^0A1BIMATI0N5 ARE EMPLE55. METAL5 BOWP TO METAL5, N0MA1ETAL5 TO
N0WA1ETAL5, METAL5 TO W0WMETAL5. 50METIME5 AT0M5 Cim? TOfi'ETHER IN

LITTLE ^LU5TER5 AN7 50/METIA1E5 IN IMMENSE ^RV^TAL ARRAYS. NO WONPER
THE 5UBJE^T 15 50... 5EXy.'
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ATOM^ ^OMBIWE WITH EA^H OTHER BV EX^HAN6.IM6.

OR ^HARIMfi. ELE^TRON^. THE PETAIL^ PEPENP ON

THE PREFERENCES OF THE PARTICULAR ATOMS

INVOUVEP. POES AN ATO/i^ "WANT" TO SHEP AN

ELECTRON OR TO PICK ONE UP? ANP HOW BAPL/?

METALS, AS WE'VE SEEN, TENC?

TO &IVE UP ELECTRONS, THOU&H

SOME METALS 90 SO MORE EN-

THUSIASTICALLV THAN OTHERS.

A CHEMIST WOULP SAX THAT

METALS ARE MORE OR LESS

gteaROPo^iTivE.

NONMETALS ARE MORE OR LESS

EtCaRONE^ATIVC: thev tenp

TO ACCEPT EXTRA ELECTRONS. SOME

NONMETALS, LIKE FLUORINE ANP

OXy&EN, AVIPLV &RAB ELECTRONS,

WHILE OTHERS, SUCH AS CARBON,

CAN TAKE THEM OR LEAVE THEM.

IN BETWEEN ARE THE METALLOIPS, WHICH ARE COMPLETELY AMBIVALENT.
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Ionic Bonds
WHEM A Hlfi-MLy ELEaR0P05ITIVE ATOM AIEET^

A HI6.MLy ELE(iTROME(?ATIVE ONE, THE RESULT

15 AW lOMC BONP. THE ELECTROPOSITIVE ATOM

EA5ILy 6IVE5 AWAX OWE OR MORE ELE^ROWS

AWP BE<iOME5 A POSITIVELV <:HAR6EP (^ATIOW.

THE ELE^ROME^ATIVE ATOM L0VE5 TO A<:c?UlRE

EXTRA EUE<iTR0W5 AWP IW POIW& 50 BECOMES

AN AWIOW.

THE TWO I0W5 THEN EXPERIENCE AN
ELECTROSTATIC ATTRACTION.

IN FACT, THEV ATTRACT NOT ONLV EACH

OTHER, BUT EVERV OTHER CHAR&EP PAR-

TICLE IN THE NEI&HBORHOOP.

THEIR MUTUAL ATTRACTION PACI^S THEM TO&ETHER IN A

PENSE, REGULAR lONI^ CRY^TM. IN THE CASE OF
SOPIUM ANP CHLORIPE,* EACH ION HAS A SIN(^LE CHARGE

SO NEUTRALITY IS ACHIEVEP BV THIS SIMPLE CUBIC

ARRAN^-EMENT-.

IF you LOOK CLOSELY

AT TABLE SALT, VOV CAN

SEE THAT THE CRYSTALS

ARE LITTLE CUBES-EACH

ONE A MONSTER ARRAY

OF SOPIUM ANP
CHLORIPE IONS.

*SIN6LE-AT0M ANIONS ARE NAMEP BY

APPIN6 "IPE" TO THE ROOT OF THEIR

ELEMENTAL NAME: FLUORIPE, OXIPE



OTHER I0M5 MAV FORM PIF-

FEREWT ^Ry^TALLIWE ^TRUaURE^.

WHEM aUlUM, WHI^M (S'lVE^ UP

TWO ELE^RON^, ^OMBINE^ WITH

^HLORIME, WHI<:H A^^EPT5 OMLV

ONE, TWO ^HUORIPE lOW^ ARE

MEEPEP TO NEUTRALIZE EA^H

^L^IUM. WE WRITE AN ION

WITH IT^ ELEMENT SYMBOL ANP

^HAR6E. 50 THE ^L^lUM ION \$

Ca^*, ANP ^HLORIPE 15 C\'

.

CMCWtA ^HLORIPE
^Ry^TAL

THE FORMULA OF THE5E lONI^ ^RV^TAL^ 15 (S-IVEN "IN L0WE5T TERM^." EVEN

THOUfi'H A 50PIUM <:HL0RIC?E <:Ry5TAL MAy CONTAIN TRILLIONS OF AT0M5, WE

WRITE IT5 m?mCfi<l FORMULA A5 MaCl. THI5 5HOW5 THAT THE ^Ry5TAL

HA5 ONE 5017IUM ION FOR EA^H iHLORIPE. IN THE 5AME WAy, <:AL^IUM

^HLORIPE 15 WRITTEN CaCl^.

OCC^^\OhiMlV, lONI-

^ALLy BONPEP AT0M5

HAVE NO NATURAL

^Ry5TALLINE ARRAN(&E-

MENT. IN5TEAP THEy

^LUMP TOGETHER INTO

5MALL 6.ROUP5 ^LLEP

M0lC^ULE5. eoRON
TRIFLUORIPE.BF,, 15

AN \OWC ^OMPOUNP
THAT 15 6'A5EOU5 AT

ROOM TEMPERATURE.
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50ME I0N5 con^i^r Of
MORE THAN OWE ATOM.

WE'LL 5EE HOW TO BUILP

THE5E POUVATOMI^
I0M5 LATER IM THE CHAP-

TER. THE5E THINfi'^ BE-

HAVE VERV MU^H LIKE

MONOATOMI^ ION$, EX-

CEPT FOR THEIR 5HAPE.

THE WHOLE ^TRUaURE
A^T^ A5 A ^INfi-LE

<:har6Ep umit.

Q
/ -W^)^'

A TyPi^L EXAMPLE 15 ^UIFATE, ^O^^-, AM AMIOM THAT B0MP5 WITH Ca

TO MAKE ^AUIUM 6UUFATC, ^a^O., AN IN6.REPIENT OF WALLBOARP.

,2+

MM/



lONI^ gONP^ ARE $TROM&.

IT TA<E5 A LOT OF
EMER6.y TO BREAK THEM.

TMI5 EXPUIM^ WHV MO^T

lOMI^ ^Ry5TAL5 HAVE

5U^M MI^'H MELTING-

POINTS: TREMEWP0U5
HEAT 1^ NEEPEP TO JAR

THE I0N5 L005E ANP

fi'ET THEM 5L05HIN&

AROUWC? A^ A LIQUIP.

ANP VET-HIT A 5AUT ^RV^TAL WITH

A HAMMER AMI? IT ^RUMBLE^. WHV
^HOUUP IT BE 50 BRITTLE?

WH/ 5HOULt7 I HIT

5ALT WITH A HAMMER?

ANSWER: WHEN WHA^KEP, THE ^RV^TAL

MAy C7EVEL0P TINV ^RA^K^, AMP ONE

LAVER MAX 5HIFT ^LI^-HTLV A^R055

ANOTHER.

THI5 5HIFT ^N ALI6.N P05ITIVE5

OPPOSITE P05ITIVE5 ANt? NE6ATIVE5

OPPOSITE NEfi-ATIVE^. NOW THE TWO
^HUNK5 REPEL EA^H OTHER, ANP THE

^RV^TAL LITERALLV FLIE5 APART.
BUT NOT ALL

^Ry5TAL5

BEHAVE THI5

WAy-METALLI<:

<:Ry5TAL5, FOR

EXAMPLE...
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Metallic Bonds
PURE METAL5 AL50 FORM CRY^TM^, JWO\}C?W iO\) PROBABLY PON'T THIN< OF

THEM THAT WAV. THEV LA^K THE TRAW5PAREW<:y ANP 5PARKLE OF MaCl ANP

OTHER lONI^ <:Ry5TAL5, AMP THEV U^UALLV AREN'T BRITTLE.

METALS LIKE TO
6.IVE UP ele<:trom5.

WHEM A/lAKiy METALLIC ATO/H$

6Er T0(5'ETHER, THEY ^HEP AN

ENTIRE "ELEORON 5EA" THAT

EN(^ULF^ THE METAL lON^.

ê

-&:

®0^ <3

©
€>

G
PULLEP FROM ALL PIRE^ION^, THE METAL ION$ FINP IT HARP TO MOVE, ANP

THEY PA^K Tlfi-HTLY TOGETHER IN CRYSTALLINE STRUCTURES. THERE ARE SEVERAL

POSSIBLE PAC<IN6' ARRANGEMENTS, ALL OF THEM PENSE. HERE ARE TWO.

gOPY-CCNTEREP Cm\C- EACH AT0A1

SURROUNPEP BY EI6HT OTHERS
FACE-CEMTEREP Cm\C- EACH ATOM
SURROUNPEP BY TWELVE OTHERS
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M^AL5 TEMP TO BE

6.0017 ^OWPU^TOR^
OF EUE^RI^ITy. THE

Ufi-HT, FREE ELE^-

TR0M5 MOVE AROUNP

EA^IUy. NEfi'ATIVE

^HARfi'E ^0MIM6

FROM 0UT5IPE aw
PU5H THE "^EA" OF
EUE^RON^, MAKINg.

A CURRENT.

UKE AKiy <:Ry5TAL, BEIMiS- WHA^KEP

gy A HAMMER MAy ^U^E A METAL'5

<:Ry^TALLINE 5TRUaURE TO ^RA^<

ANP ^HIFT.

© ® ©
(B © ©

BUT UNLIKE lONI^ ^Ry^TAL^, THE METAL'5

lOMC REPUU^IOM 1^ OVERCOME By THAT

NEGATIVE 5EA OF ELE^ROM^ HOLPIN^

ALL THE AT0M5 IN PLA^E.

a o

s

®®0 ©(D<

50, IN^TEAP OF 5HATTERIN6', A

METAL TEMP5 TO BENP OR ^TRET^H/

/^T'$ LIKE A
VMA6I^.' J

*PI$<:UIA1ER-. THERE ARE EXiiEPTIOM^, A^

WITH WEARLy EVERyTMIN6 IN <:HE/MI6TRy.

9?



Covalent Bonding and
Molecules

lOHlC gON[75 FORM WHEN A HI^HLV EUE^TRO-

MEfi-ATIVE ATOM MEET5 A WMIV ELECTRO-

PO^ITIVE ONE. ELE^RON^ ARE HANPEP OFF,

ANP ONE ATOM 6ET5 50LE ^U^TOPV.

METALLIC B0NPIN6 HAPPENS WHEN
A LOT OF EUEaROPO^ITIVE ATOM^
ARE TRAPPEP BV AUL THE EUEi-

TR0N5 THEV 5HARE. IT'^ UIKE A

<:OMMUNAL H0U5EH0LP.



THE ^IMPLE^T P055IBLE EXAM-

PLE 1$ MVPRO^EN. A LOWE

MVPROfi'EM ATOM HA5 AN UN-

PAIRED ELE^RON, WHI^H THE

ATOM ^N EITHER &IVE UP OR
PAIR WITH ANOTHER ELE^RON.

WHEN ONE
H/PROfi'EN EN^OUN-

TER5 ANOTHER,

THEIR ELE<:TR0N$

NATURALLV PAIR UP IN A ^INfi'LE, ^HAREP

ORBITAL.

THI5 PAIR PULL5 ON BOTH NUCLEI, 50 IT H0LP5 THE AT0M5 TOGETHER. THE

BONP 15 ^LLEP ^OVAUENT, BE^U^E BOTH AT0M5 CONTRIBUTE EQUALLY.

EACH HyPROfi-EN ATOM
"THINKT^" IT HA5 A FULL

15 VALENCE 5HELL, 50
THE RE5ULTIN& TWO-
SOME, OR HVPRO&EN

MOtC^UUE, H^. 15

5TABLE.
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MORE EXAMPLE^:

OXy^EN, THE 5E^MP-
MO^T ELEaR0WE6.A-

TIVE ELEMENT ^FTER
FLUORIME;, HA5 ^IX

VAUEN^E QIGCTROM.

WE IMC7I<:ATE THI5

WITH A "LEWI5

PIA&RAM" THAT

REPRE5ENT^ EA^H OF

TME5E OUTER
ELEaR0W5 A5 A POT.

WHEN TWO 0Xy(J.EN5 (S-ET TO^-ETHER, THE/ B0N(7 ^^OVALENTLV BV ^HARIN^'

FOUR ELE^RON^, A5 5H0WN IN THI5 LEWI^ PIA6RAM-.

=0==0=

MITRO&EN, WITH FIVE VALEW^E EUE^TROW^,

FORM^ TRIPLE ^OVALEWT B0NP5 TO MAKE
Nj OR MsM.

:N:::N:
MANY OTHER N0N-METAL5, lUCWVmG THE
HAL06EM^, FORM PIATOMI^ CUtO-klON^ )

M0LE^ULE5 IN THI5 WAV.

• • •• • • • •

:F:F: :C1:C1:
• • •• • • • •

HERE, TOO, BOTH ATOM^ NOW
HAVE A FULL OUTER O^TET.

C^OUNT THE ELE<:TR0N5.';

WHEN FOUR ELE<:TR0N5 ARE

5HAREP IN THI5 WAV, WE ^LL
IT A POUBtC BONP ANP
50METIME5 WRITE IT A5 0^0.
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<:OVALEMT BOWPIN^ INVOLVED ELECTRON

^MARIMfi- BETWEEM A '?PUlflC PAIR OF
ATOM^. IT'J LIICE A HANP5MAKE.

5in<:e atom^ have omlv a liaaitep num-

ber OF "MANP^," ^OVALEMT COfAPOUW?
ARE U^UALLV FOUMP IM TME FORM OF

MOLE^UIE^, OR 5MALL, PI5(:RETE

&R0UP5 OF AT0M5.

EVERV MOUC^UUE IN

A PUR£ ^UB^TAN^E

HA^ THE 5AME
COMPOSITION. WE
WRITE ITS FORMULA
^ccoR[?m& TO the

NUMBER OF EACH

KINP OF ATOM
PRESENT.

H.

-0, /
M2O, WATER »

© «^

^6^A' ^LLI^OSE

a (:bloop su&ar;

MH,, AMMONIA

I

OCCASIONALLV WE PO SEE COVALENTLV BONPEP CRVSTALS. PIAMONP, FOR

EXAMPLE, CONSISTS OF A SO-CALLEP ^OVAUEMT NETWORK OF CARBON

ATOMS.
By THE WAV, IS

AN ONION A

KINP OF ION?

yOUR PUN
MAKES ME
WEEP...

PIAMONP
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Molecular Shapes
50 FAR, WE'VE LOO^EP OMLV AT ^OVALEMT BONP$ gETWEEM TWO IPEWTI^L ATOM$.

MOW LET'$ $EE HOW DIFFERENT AT0A1$ <:AM 5HARE EUE^TROW^.

CARBON PIOXIPE, FAMOUS exhaust 6A5, CO2:

<:ARB0M HA5 FOUR VALENCE GlQCTROUi> AKJP

OXy^EM HA5 5IX, 50 WE WRITE:

1-

«C' ANP '.O'

THE5E cm COMBINE LKE 50-.

0;\CmO

AMP CO2 HA5 TWO POUBUE B0WP5.

WHAT 15 THE AaUAU 5HAPE OF THE COj^

MOIUUI^? TO AW5WER THI5 QUE5TI0W,

U5E THI5 BRILLIAMT PRIMfilPLE--

5IW<:E ALU <:ARgOW'5 VAUEM(:E ELEaR0M5
ARE IW THE POUBLE B0WP5, THE B0NP5
MU5T POINT PIRE^LV AWAV FROM EA^H

OTHER.

EUE^RON PAIR5 IM

A MOlUUiQ WAWT
TO BE A5 FAR AWAV
FROM ea<:h other
A5 P055iBLE.

%)^0©®:
(<>

^
THE THREE AT0M5 LIE IM A 5TRAI6HT LIME.

IN SULFUR TRIOXIPE, ^0,, 5ULFUR ANP

OXy&EN EA<:H have 5IX VALEN^iE ELE^RON^.

:5' -O:

THREE OXy6EM5 <:AN BONP TO 5ULFUR.

CTHE POUBLE BONP ^OULP 60 ON ANy
ONE OF THE 0Xy&EN5.;

U5IM6. THE PRINCIPLE THAT ELE^RON
PAIR5 yV\U5T AVOIP EAf^H OTHER CEX^EPT

FOR THE 0NE5 IN THE POUBLE BONP-
THEy'RE i>TVCK), WE C0UCIVV9 THAT 50,
15 TRIAN&ULAR ANP LIE5 IN A PLANE-
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aRBOM TCTRA^HLORIPe, CC\,
AM INPL)5TRIAL 50UVENT, ^OMglNE^

•C' ANP :CI<

WITH FOUR ^IM&LE BOMP$.

:C1-

":CU"

FOR MAXIMUM BOWt? $EPARATIOW, THI5

MOLE<:ULE HA5 A TETRAMEPRAU 5HAPE,

WITH THE OUTER ATOM$ AT THE
P0IWT5 OF A TRIAW&ULAR PVRAMIP.

AMMOMIA, NH,.

you MI&HT EX-

PEa THI^ TO BE

A TRIAW&LE, PUT
THE UEWI5
PIA&RAM 5Ay5
OTHERWISE.
THE FOURTH
ELEaROW PAIR

repel5 the
others, amp we
6et a tetrahe-
pron with h at
three of the
verti<:e5.

WATER, HjO, 1^ 5IMIUAR. IT HA5 TWO
ELECTRON PAIR5 WITH NOTHING ATTA^^HEP

TO THEM. THEV, TOO, MU5T BE TAKEW
IWTO A<i^OUWT.

H;0:H

M0LE^ULE5 LIKE NH, AMP H^O ARE
aLUEP BEMT.

THI$ ^0VER5 THE 5HAPE5 OF THE MO$T
CON^mw M0UE^ULE5, ALTHOU&H THERE ARE

$OME 0PPITIE5 LIKE 5F^, WHERE THE 5ULFUR

HA^ 5IX ELE^TROM PAIR5.

.r .. • ^.>

5F4 15 O^TAHEPRAL.
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Shape and Orbital Bond
Theory (advanced)
ON THE PREVIOUS TWO PA6E5, WE U^EP THE PRIW^IPUE THAT ELEaROM PAIR5 IM MOLE<:ULE^ ^TA/

AWAy FROM EA^H OTHER. WE CM t^COWT FOR THI^ FA^T IW TERA1$ OF ELECTROS! ORBITAL^.

WHEN H BONIP^ WITH H, TWO s 0RBITAL5

MER6E. THI$ 1$ aiLEP A a C5I6.MA; BOMP.

IN 0^, TWO ELE<:TR0N^ in P ORBITAL^ ARE

5HAREP IN A JT CPi; BONP.

CWE HAVE OMITTEP THE N0NB0NPIN6

ORBITAL^.;

BUT IN 6ENERAU WE 6ET ^0METHIN6 ^LLEP HVBRIP ORPITAL^- FOR EXAMPLE'-

aRBON, WITH IsHp^, HA^ TWO WHEN A HVPRO^EN ATOM

PAIREP s EUEaRON^ ANP TWO APPR0A<:HE^, IT^ NU^LEU5

UNPAIREP p ELE^RON^. PULL^ ON C'5 ELE^TRON^.

RAI5IN6. THEIR ENER^y.

O'O^^J

ONE S ELEAROM 1^ "PROMOTEP"

TO A p ORBITAL, AMP MOW ALL

ARE UNPAIREP.

THE UNPAIREP 0RBITAL5 "HyBRIPIZE"

ANP BE(:OME L0P5IPEP. ^VCU AN

ORBITAL 1^ aLLEP AN sp HVBRIP-
ONE OF THEM LOOK$ LIKE THI^.

ANP FOUR OF THEM LOOK
LIKE THI5. CHERE EA^H ONE li>

BOkPEP TO A HyPR06EN ATOM.}

THE L0P5IPEP L0BE5

MU^T REPEL EA^H OTHER,

50 THE C^4 MOLECULE
MU5T BE A TETRAHEPRON.

THE M0U£^UL£'4
^EOMCTRV 1^

aU^EP py THE
$HAPE OF HVBRIP
ORBITAL^.
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More on Lewis Diagrams and
Charged Molecules
IN A UeWI5 PIA&RAM, EA^H ATOM ENP^

UP WITH A <:0/MPLETE O^ET CU5UALLy-^£E

below;. THI^ (iAN OFTEN HAPPEN IN MORE
THAN ONE WAV. FOR IN$TAN<:E, WE JU^T ^AW

^, BDT 50^ AL^ EXI^T^, ANP 1$ AaUALUy

THE MORE COfAMOU OXIPE OF SULFUR.

i<

:0-^;-o
NOTE UNBONPgp PAIR

5UUFUR''^ EXTRA ELECTRON PAIR IMPLIED THAT

THE MOLECULE 1^ BENT.

IN^IPENTALLV, THE POUBLE

BONP I^N'T REALLV ON ONE

0Xy6.EN OR THE OTHER,

BUT SOMEHOW HALFWAV ON
BOTH AT THE 5AME TIME,

A QUAMTUM-ME^HAWI^AL
My^TERV kTNOWN A$

Or.^^0 ^ 0-^=^0

we ^an al50 write a lewi^ pia6ram for

sulfate, ^0/', with no pouble bonp$

at all. thi5 look^ ni^e anp natural,

ex<:ept that two extra ele^tron^ are

requirep to complete all the bonp$. i>0

^0/' 1$ REALLy A ^OVALENTLy BONPEP

POLyATOMI^ ION WITH A (^HAR^E OF -2.

It

MORE POLyATOMI^ lON^:

(I ,.

NITRATE, NO, , MA$
ONE EXTRA ELECTRON ANP
RE^OMAM^E BETWEEN
THREE PIFFERENT F0RM5.

O ^ _ o
0=1^-0 O'M-O 0-M=0

H/PROXIPE, OH', HA^ ONE EXTRA ELE^RON.

I •

U5UALLy, ALL GUCTROU^ ARE PAIREP ANP

EVERy ATOM 6ET5 A FULL OCTeT-WT THERE

ARE 9U^Fr\0H^. IN NITROGEN PIOXIPE, NO^,

NITROGEN HA5 AN UNPAIREP ELE^^TRON.

:0 vM;;0:
v«

ANP IN BERyLLlUM FLUORIPE, BeF^, Be 6ET5

ONLy HALF AN OaET.
"M05TLy"

ionk:? what
15 THAT
5UPP05EP

TO MEAN?
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Polarity
MAWy BOMP$ ARE MOT PURELV

^OVAUENT OR \OMC, BUT

SOMEWHERE IN BETWEEN.

^OM^IPER WATER, M2O. OXy^EM, WITH AN EUE^RONE^ATIVITy VALUE CEN; OF ?.9,

15 /MORE ELEaROME^ATIVE THAN HyPRO^EN CEN = 2.1 ;.* THI5 MEAN$ THAT THE

ELE^RON^ IN THE 0-M BONP ARE NOT EQUALLy 5HAREP, BUT TENP TO HOVER

610^£R TO THE OXy^EN ATOM.

THE EFFECT OF THI5

NOT-PURELy-^OVALENT

BONP 15 THAT THI5

MOLECULE HA5 P05I-

TIVEiy ANP NE6'ATIVELy

^HAR(J.EP POIK. THE

HyPRO&EN ENP HA5 A

FRACTIONAL POSITIVE

6U^RC^G. WHILE THE
OXy^EN ENP HA5 A

fra<:tional negative

d;HAR&E, BE^U^E THE

ELE^RON^ ARE CLOSER

TO ONE ENP.

*0N AN ARTIFICIAL $aLC RAN6IN6. FRO/W <7.7 FOR CERIUM, THE MO^T EUEiiTROPO^ITIVE ELEMENT. TO
4.d? FOR FLUORINE, THE M05T ELE(iTR0NE6ATIVE.
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A BONP UKQ 0-H, IN WHI^M THE ELEaR0M5 ARE ^LO^ER TO ONE ENP, 1^

aULEP POtAR. POLAR B0NP5 ARE INTERMEt7IATE BETWEEN ^OVALENT B0Nt7$

CEQUAL $HARIN&; ANC? lONI^ B0NP5 C^OMPLETE TRANSFER OF EUE^RON^;.

$TR0N6Ly POUR WEA<Ly POUR ^OVALENT

THE POURITV OF BONt?^ AFFE^^ THE WAY ^HARfi-E 15 PI^TRIBUTEP OVER A

MOLECULE.

A BONP'5 POURITY
PEPENP5 ON THE

PIFFEREN^E IN

ELE^RONE^ATIVITV

BETWEEN TWO AT0/M5.

BI6&ER PIFFEREN^E^

MEAN MORE POURITV,

WITH A PIFFEREN^E OF

2.^ OR MORE BEIN&

^ON$IPEREP lONI^.

SAMPLE ELE<:TR0ME6ATIVITIE5



THE POUARITV OF WATER EXPUIM5 50ME OF IT^ FAMILIAR PROPERTIED. FOR

INDTAM^E-.

WATER 15 LIQUIP AT

ROOM TEMPERATURE.

THE PARTIAL ^HAR6E5

AT ea<:h emp of a

WATER MOLECULE
MAKE THE MOLE^ULED
ATTRAa EA^H OTHER,

ENP TO EWt7. WATER
BON175 WEAKLV TO
IT5ELF. THI5 IMTERWAL

<:0HE5I0M H0LP5
WATER TOfS'ETHER IN

LIQUIP FORM.

H

^O^
H^ H^^^'^H*..

£TC.
r.^^^'x

+ H

Or -Q-^

By ^ONTRADT, THE MU(:H HEAVIER BUT LE55 POLAR 50^ HA5 LITTLE MUTUAL

ATTRACTION, 50 IT F0RM5 A 6.A5 AT ROOM TEMPERATURE.

POLARITV AL50 EXPLAINS

WHY WATER 15 50 6001?

AT PI550LVIN6' IONI<i COM-
P0UNP5 5UCH A5 TABLE

5ALT. THE CRy5TAL'5 IONIC

B0NP5 5L0WLy &IVE WAY
TO THE PULL OF WATER'5

P0LE5, A5 I0N5 BREAK

OFF THE <:Ry5TAL ANP
ATTACH THEM5ELVE5 TO
WATER M0LECULE5.

Ko!" cr

^"^ cr

^ cr

ne ar

^d
,>^*

\^^'

.CC

5IMILARLy, THE WEAK ATTRACTION OF A POLAR H TO ANOTHER MOLECULE 15

CALLEP HVPRO^CN BONPIN^. it HAPPEN5 to be a <Ey FEATURE OF THE

CHEMI5TRy OF LIFE (^GG PA&E 241).
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lOMI^, ^OVALCNT, METALLIC: TH£5£ ARE THE

/MAIN TyPE^ OF ^ME/V\iaL B0MP5. WE'VE 5EEM

HOW THE5E INTERATOMIC INTERAaiON5 ARI5E

FROM THE EUECTRiai PROPERTIED OF AT0M5,

ANP HOW THEy AFFE^ THE DTRUaURED OF
5UB5TANCE$. NOW WE WANT TO
FINP OUT WHAT THEY HAVE TO
PO WITH THE CHEM...

/look-all THI5 INVISIBLE 5UB-

/ ATOMK: 5TUFF ID IWTEREDTIW6. AMP

/ AUU... BUT I5W'T THID BOOK DUP-

/ PODEP TO BE ABOUT ^HCMI^TfTV?

(>5
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Chapter 4

Chemical Reactions
00?^'. 50MEH0W WE FINP 0UR^ELVE5 MAROONEP ON A PE5ERT I^LANP. HOW
ARE WE &0\U& TO SURVIVE? MAVBE WE CM MAKE ^OMETHIN^ U5EFUL OUT

OF THE MATERIALS AT HAWP...
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Combustion^ Combination,
Decomposition

LCT'^ WRITE A REAmoM EQUATION FOR

FIRE. WOOP ^0NTAIN5 MANV PIFFEREWT MA-

TERIALS, BUT IT'S MAINLY MAPE OF C, W, AMP
IW THE RATIO 1:2:1. WE ^W WRITE THE

EMPIRI<:AL formula FOR WOOP AS CH^O, AMP

THEM FIRE LOOKS LKE THIS:*

CH.O (s) + 0, (q) - ^0. (q)T + M.0 (q)!

THE NOTATION EXPLAIWEP; THE SUBSTANCES ON THE

LEFT OF THE HORIZONTAL ARROW —» ARE ^LLEP

REAH'AMT^. on the rks-ht arc the REAn"IOM
VROWCT^' -^-* WILL MEAN THAT HEAT WAS

APPEP. THE SMALL LETTERS IN PARENTHESES

SHOW THE PW^ICM STATE OF THE CHEMI^LS-.

q = 6.AS; s = SOLIP; I = LIQUIP; aq = PISSOLVEP

IN WATER. T MEANS AN ES<:APIN& 6AS, ANP 1 WILL

MEAN A SOLIP SETTLING OUT OF SOLUTION, OR

PRECIPITATING.

^^j-

so OUR EQUATION REAPS;

SOLIP WOOP PLUS

6ASE0US OXy^EN ANP

HEAT MAKES 6ASE0US
aRBON PIOXIPE PLUS

WATER VAPOR. THIS IS A

TVPi^iAL COMBUSTION
REACTION. Cyou cm

TEST FOR THE WATER BV

H0LPIN6 A COOL fi-LASS

OVER THE FLAME;

PROPLETS WILL

COMPENSE ON IT.;

•WE'RE LEAVING OUT PARTIALLV OR WHOLLV N0N(:0A1BU5TEP PROWCT^ WCU t6 WOT, ^M0K5, CO, ETC
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NOW THAT WE HAVE FIRE, WE'LL

MAKE A BETTER FUEL". ^HAR-
COM- WE PUT PRy WOOP ANP

iO<:OWUT 5HELL5 IN A PIT (TO

LIMIT AVAILABLE OXV^EN; ANP

FIRE IT UP. THE REACTION 15*

cup CCs) + W.OCq)]

THI5 1^ A PE^OMPO^ITIOM
REACTION COF THE FORM
AB ^ A + b;. it ma<e5 elemen-

tal <:arbon, or ^har^oal.

WE BUI LP A 5T0NE 5T0VE ANP FUEL IT WITH

cu^RC0M. cwkRcot^v^ com\)^i\oy\ i5 a

^OMBINATIOM REA^ION CA + B — AB;-.

^(9) 0/q) CO.Cq)!

IN THI5 OVEN WE <:AN MAICE POTTERV. V>/E 5^00P A FlNE-fi-RAINEP MINERAL,

KAOLINITE, FROM THE LAKE BOTTOM ANP 6RINP IT WITH A LITTLE WATER TO

MAKE A SMOOTH KAOLIN Clki, A1^5i,0^(0H)^. WE 5MAPE THI5 INTO VE5^EL5

ANP FIRE THEM IN A HOT OVEN-.

^Al^^i^O^COH)^ (s) 45102(5) + (MX) (q)!

THE FIR^T PR0C7U^T 1^

aLLEP MUltlTE. THE

^UOW, ^\0^ , 1^

6lll^A, OR 5ANP-ANP
MELTEP, ir5 61A46.
WHEN THE ^LAV 15

FIREP, MULLITE FU5E5

WITH THE 6LA55y 5ILia

TO FORM A VERV HARP,

WATERPROOF POT.

•MORE OR UE^5. A6AIW WE I6M0RE TRAiE REAaANT^ ANP PROWCTi>.
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Balancing Equations
MOTE THAT 50ME OF THE 5UB$TAN^E5 IW THE POTTERV REACTION HAVE WUMERI^AL

<:0EFFI^IENT$ IW FROMT OF THEM. THE EQUATION MEAN^ THREE MOiGCVlQ^ OF

<AOLIN Cl^Y yiELP ONE MOLECULE OF MULLITE, FOUR OF 5ILI<iA, ANP $IX OF WATER.

THE CO^??\C\mi'? BAUAN^C THE EQUATION. THE $AME NUMBER OF EA^H KINP OF

ATOM APPEARS ON BOTH 5IPE5-. 6 Al, 6 5i, 27 0, aad 12 H. HOW PO WE FIMP

THE^E <iOEFFl^lENT$?

^TART WITH AN UNBAUN^EP EQUATION

k\^^\p^OV0^ (s) -A, Al^^LjO^Cs) + ^iOjfs) + H2O (q)I

WRITE POWN THE NUMBER OF ATOM^ ON EA^H 5IPE.

BALANCE ONE ELEMENT. WE 5TART WITH Al

.

MULTIPUy ?y 3 ON THE LEFT TO 6ET-.

^Alj^ijO^^OH)^ (s) -^ Al^^ijO^Cs) + ^iOj(s) + H^O (q)I

A6AIN ^OUNT ATOM^ ON EA^H ^IPE.

BALANCE ANOTHER ELEMENT. WE ^N BALANCE

^i By PUTTINfi- A 4 IN FRONT OF ^iO^-.

^kX^'pip^OW^ (s) -^ Al^^i^O^Cs) + 4$iOj(s) + H2O (q)t

A(^AIN ^OUNT AT0M5 ON EA^H 5IPE.

FiNAUUy, A 6 IN FRONT OF H^O BALAN^E^

BOTH H ANP 0.

ikl^^O^OW^C'i) -^ Al4$i20„(s) + 4^102(5) + 6H2O (q)|



• WRITE THE EQUATION! WITHOUT

<:OEFFl<:iENT^.

• li5t the elements in the equation.

• ^he^k: the number of ea^h kinp of atom
on both 5ii7e5.

• balance at0m5 one element at a time bv

apju^ting' ^oeffi^ient^.

• repute to l0we5t term^ if ne^e^^arv.

THE kCT, OR ART, OF BALAN^IN6 EQUATIONS 1^ ^LLEC? RCA^IOM
6T0I^HI0METRy.

HERE ARE 50ME ?R^CT\C^ EXAMPLES. •^UPPUV C0^ff\09HT^ IN EA^H EQUATION.

AlCs) + Fe^O^Cs) -^ Al^O/s) + FeCs)

^^H^^Cq) + O^Cq) — CO^Cq) + H^OCq)

M/q) + M^Cq) — WH,(q)

P/s) + F^Cq) — PF^Cq)

Zrx(M0,)2(s) -A. Zr^O(s) + HO^Cq)+ 0/q)

H^PO^G) -A. W^Oa) + P^O^^Cs)

CuCsJ+AqMO^Coq) — C\xCHO:^\Caq) + Aqj

Fe(s) + O^Cq) — Fe^O^Cs)

FeCl,(5) + H^OCl) — mCaq) + Fe(OH\l

J
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The Mole
gAUAN^g 15 A

BEAUTIFUL THIW6'
THE EQUATION''^ COQPFiamT^ LET

U5 FIM7 THE RELATIVE MA^E4 OF

PROWCT^ ANP REAaAWT5. THE

aL<:ULATION U5E5 A UNIT ^LLEP

THE Mote ONE MOLE OF A

^Ug^TAN^E 15 THE AMOUNT WH05E

MA55 EQUALS THE MOLE<:ULAR OR

ATOMIC WEIfi-HT OF THE 5UB5TANiE

EXPRC^CP IN 6RAM^.

THAT'^ <INI7 OF A MOUTHFUL FOR A SIMPLE IPEA. LET'5 ILLUSTRATE BY EXAMPLE"-

"MOLUUUR" WEIGHT MOLAR WEI6HT

0^ ?2 AMU 32 fi-RAMS

6^ AMU 6£7 6.RAM5

290 AMU 290 fi-RAMS

Fe 56 AMU 96 g'RAMS

PROTON 1 AMU 1 fi-RAM

Na^l 90.9 AMU 90.9 (^RAM5

CMOTE-. HERE MOUE^CULAR WEI6HT REALUy MEAN^ THE MA5^ OF A BA5I^ PARTIiiLE OF THE ^Ug^TANiE

EXPRE^^EP IN AMU. IN AN IONI<: <^Ry^TAU LIKE NaCl, WE MEAN A SA^I^ COMPONENT OF THE i:Ry^TAU.

THE MOLE 15 U5EP TO ^(iALE UP FROM ATOMI<: PIMEN5ION5 TO METRIC WEI6.HT5.

TO BE PRECISE, A C>RM 15 ABOUT 602,200,000,000,000,000,000,000 BI6.6'ER

THAN AN AMU. THAT 15, 1 g = 6.022 X 1^ ^ AMU.

OME. TWO,
THREE... f(

/f\

THI5 THEN, 15 THE MUMBER OF
PARTI^LE4 IN A MOLC A mole

OF ANYTHING HA5 THI5 MANV

PARTI(:LE5.' 6.^22 X W^^ 15 ^LLEt?

AVO^APRO'^ NUMBER, after

AMEPEO AVO^APRO, WHO FIR5T

SUfi.fi'ESTEP THAT EQUAL V0LUME5

OF 6.A5 HAVE EQUAL NUMBER5 OF

M0LE<:ULE5.
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NOW 5UPP05E I ^TART WITH \00 kg OF CVM. HOW MAMV KlUOfi-RAM^ OF

POTTERy WILL I fi-ET? WE 5TART WITH THE BALAMd:EP EQUATION:

?AL5uO,(OH>. (s) -^ AL5L0,,(5) + 45iO.(5) + 6H,0(q)T

THEN WRITE A MAf^-PAUM^E TABtE, 5HOWIN6» THE NUMBER OF 6.RAM^ OF

EA^H REA^ANT ANt? PROPU^-.

REAiTANT^ /HOUR WEIGHT PROWCT^ MOUAR WEI6HT

? MOL Al^^ijO^COH)^

TOTAL

?X250 = 774q

774 q

1 MOL Al^^i^O,,

4 MOL ^iO,

6 MOU HjO

TOTAU

426 q

4 /^ 60 ~ 240 q

6 X 10 = 1^0q

774 q

THI^ ^^y^ 774 q OF KAOLIN ^UAV MAKE5 426 + ZAO = 666 q OF POTTERV.

^O 1 q KAOLIN MAKE5 (666/77A) q - ^.06 q OF POTTERV

ANP WO kq MAKE^ Cf?.06;O^^kq)(1^^^ q/kq; = 06,000 q = 06 kq.

WE ^N EPUALLV WELL

WORK BA^KWARP. IF WE
WANT )00 kq OF POTTERV,

HOW MU^H WET ^LAV

$HOULP WE MIX UP? CAN^-.

CWOX77A/666) kqj
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More Reactions
WE'VE MAPE VE5^EL5 AMP A 5T0VE. WOW LET'5 COOK UP 50/VlE BUItPIM6

MATCRIAl^. WE HEAT LI/ME5T0ME, ^HALK, ANP/OR 5EA5HELL5, WMI^M ARE ALL

MAPE OF aL^lUM <:ARB0WATE, CaCO,. THE PROPU^T 15 QUICKLIME, ^aO.

BAI<IW6 CaO TOGETHER WITH

POWPEREP VOL^MI^ ROCK /V1AICE5

CEMENT. APP WATER. 5AMP, AMP

PEBBLE^'^ON^RCTE/ LET'^ BUILP/

WE ^AM EVEM PAINT OUR H0U5E.

WHITEWASH, OR ^UKEP l\ff<^,

CaCOW^, ^OMBIME^ CaO ANP U^O:

CaO Cs) + H^O CI) -^ CaCOHLCaq)

$LAKEP LIME AL50 MA<E5 A &00P
PUTTV AWP MORTAR... AMP OVER TIME,

WHITEWASH ^LOWLV <:0MBIME5 WITH

CO^ FROM THE AIR AMP HARPEM5 IMTO

A WHITE, ^TVCCO-UKG MATERIAL:

Ca(0[\\(s) + CO/q) - CaC0,(5) + H^OCq)!

LIMESTONE
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MOW LCT'5 MAK£ 60AP, ^O WE ^AM WA^M UP.

FIR5T BURM 5EAWEEP TO
6ET A WHITE, POWPERV
MIXURE OF Na/0, (5017A

A5n; AMP 1^/0, cpota^h;.

SEPARATE OUT THE 50PA

A^H (:mever mimp how;.

d:OMBIME 50PA A5H WITH

WHITEWASH TO MAI^E THI^

REA^IOM:

CaCOVO^iaq) + MajCO^faq)

2NaOM(aq) + Ca<:0, (s)i

A WHITE ClOW OF ^aCO,

^ETTLE5 TO THE BOTTOM.
PE(iAMT-aREFULLy.'-THE

<:UEAR NaOH ^OUUTIOM.

THI5 1^ Ck\)^l\C LVE,
^TR0M6 5TUFF.'

WE BOIL 50ME WILP
BOAR FAT WITH the
Ck\)^l\C UVE. THE FAT

WILL NOT PI550LVE IM

WATER, BUT THE
^OPIUM I0M5 PUT A

POLAR "TAIL" OM THE
FAT MOLECULE, ALLOW-
ING IT TO INTERACT

WITH WATER IN A

^OAPy WAV. WHAT'5

THE REACTION?

H
Ohhhhhhhhhhhhhhh
II I I I I I I I I

I I I
I I I I

HI qHHMHHHHHHHHHHHH
\\

h-c-o-<:-(ch2)m<:h,

H^ II

"

4- ?WaOH

\
FAT

H.

H

I

H

C'OW Ohhhhhhhhhhhhhhh
II I I I I I I I

'
I

'
I

' i ' J. ..

^OH + ^\^a--0'C'C'C'C'C'C'C'C'C'C'C'C'C'C'C'C'WHHHHHHHHHHHHHHH
H

V_ 6Ly<:ER0L CA bOOV
5<iM conditioner;

A CRUPE 50AP
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Redox Reactions
MOW LET'5 MAKE 50ME
FLARE5, 50 WE aw
^I^NAL PA55IW6' 5HIP5.

THI5 WILL REQUIRE

EXPLOSIVE POWPCR.
IT5 IN6REPIENT5 ARE

CU^RCOM, ^UIFUR,
ANP POTA55IUM NITRATE

OR ^AUTPETER, KMO,.

WE ALREAPy HAVE ^HAR<:OAL... SULFUR WE 'p6R^PQ UP IN ELEMENTAL FORM FROM

THE NEARgy VOL^NO (W^ THE yELLOW 5TUFF;... < 1$ IN P0TA5H, AN7
NITRATE WILL <:OME FROM CaC^O^\, WHI^H WE FINP IN BAT 6UAN0.

^^i^g^

BOIL THE 6UAM0 IW WATER
WITH POTASH AMP ^'ET A

POUBLE-PI^PLA^EMEMT
REACTION:

CaCHOJAaq) + K/0, (aq)

CaCO,Csn + 2KN0,(aq)

THE <:MAUIf

OUT OF
SOLUTION.

0—

WE <:AREFULLy PE^MT
THE SOLUTION OF KMO,.

LET THE WATER EVAPO-

RATE ANP WE ARE LEFT
WITH A MA55 OF MEEPLE-

LIKE <:Ry$TAL$ OF KNO,.

U
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WHAT WILL THE REA^ION FROWCT^ BE WHEN WE^ET THI^ 5TUFF OFF?

C + 5 + KMO, 77

IT TURN5 OUT THAT WE
(iAN MAKE A fi'OOC? 6.UE^5

AT THE PROQVCT^ BV FOL-

LOWING THE ELErTRON^.

EXPLO^ION^ BELONG TO
AN IMPORTANT 6LM>$ OF
REA^TI0N5 INVOLVING THE

TRANSFER Of GIGC-
TR0M4 FROM ONE ATOM TO

ANOTHER. ^OCW REA<:TI0N^

ARE aLLEP OXIPATION-
REPUmON REA^TI0N5,

OR REPOX FOR 5H0RT.

EXAMPLE-. IN COmV^VOK

C + 0, CO.'2 ' ""^Z'

FOUR ELE^RON^ MOVE
FROM C TOWARP THE TWO

AT0M5. WE 5Ay C 15

OXIPIZEP. o, whi<:h

GAIN5 ELE<:TR0N5, 15

REPU^EP. ANOTHER
EXAMPLE 15 RU5TING, OR

^RRO^ION:

4Fe + 30, Ifep,

Fe 5HEP5 ELE^RON^ AN17

15 0XI7IZEP-, GAIN5

THEM ANP 15 REPU^EP.

NOTE; OX/GEN IT5ELF

NEEP NOT BE INVOLVEP/

OXIPATION MEAN5 THE

TRAN5FER OF ELEaR0N5
TO AMY ATOM.'

Hj + 5 — H25,

WHERE H 15 OXIPIZEP, AMP
5ULFUR 15... UGH... R^VVCm
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Oxidation Numbers
HOW MAWy GIQCTROH^ P0E5 EA^H ATOM ^'AIW OR U05E?

THE OXIPATIOM ^TATE OR OXIPATIOW NUMBER of an element im a

^OMPOUMP 5HOW5 IT^ ^URPLU5 OR PEFI^IT OF ELEaR0W5. THAT 15, THE OXl-

PATION NUMBER 15 THE MET ^HAR6E OM TME ATOM.* FOR IN5TAN^E, IN

^aO, Ca HA5 THE OXIPATION NUMBER +2- IT 6IVE5 AWAV TWO ELE^RON^-

ANP 0'5 OXIPATION NUMBER 15 -2, BEaU5E IT Ai^EPT5 TWO.

i; THE OXIPATIOM NUMBER OF AN ELEMENT IN

ELEMENTAL FORM 15 ZERO.

2; 50ME ELEMENTS HAVE THE 5AME OXIPATION

NUMBER IN ALMOST ALL THEIR <:0MP0UNP5:

• H: +1 CEX<:EPT in metal HVPRIPE^ LIKE

NaH, WHERE IT'^ -^)

• ALKALI METAL5 Li, Na, K, ETd". +1

• &ROUP 2 METAL5 Be, Mq, ET<:.-. +2

• FLUORINE: -1

• OXy^EN: ALMOST ALWAy^ -2

3) IN A NEUTRAL <:OMPOUNP, THE OXIPATION

NUMBERS APP UP TO ZERO.

4) IN A POLyATOMI^ ION, THE OXIPATION NUM-

BERS APP UP TO THE ^HAR6E ON THE ION.

*0R WHAT IT WOULP BE, IF THE BOMP WERE FULLV lONI^. IN A5^I6MIN6 OXIPATIOW MUMBER5, WE PRETEMP

THAT THE EUECTRON^ ARE <:0A1PUETELy TRAN5FERREP FROM ONE AT0A1 TO ANOTHER, EVEN THOUGH IN

REALITY THEY MAV BE ONLY UNECJUAUUy ^HAREP.
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AW ATOM'5 OXIPATIOM MUMBER PEPENP^ ON THE OTHER ATOM^ AROUWP IT.

FOR IN^TAM^E, IM WC\, ^HUORIWE A^QUIRE5 OME ELE^^TROM CFOR AN OXIPATION

5TATE OF -1; BEaU^E C\ 1^ MORE ELE^RONE^ATIVE CEN = ?.£?; THAN

HVPROfi-EN (:EW = 2.V,

BUT IN THE

PERCHtORATE
ION, CIO/, CHLORINE

HA$ AN OXIPATION

NUMBER OF +7. ALL

IT^ VALENCE

ELEaRON$ 60 TO
OXy&EN, WHI^H 1^

EVEW MORE ELE^RO-

NE6ATIVE CEM * ?5;

THAN CHLORINE.

HERE ARE 50ME ELEMENTS ANP THEIR COMMON OXIPATION NUMBER^. THE

Blfi'^ER THE PLU5, THE MORE OXIPIZEP.

MO^T REPU^EP IWTERMEPIATE MO$T OXIPIZEP

H



IW REPOX REAaiON^, $OME 5UB5TAM^g$-|?gPU^IM6 A6ENT6 OR

RCPU^AMT^—POMATE ELE^ROM^, AMP OTHER5-OXIPIZIN6 A6EMT$,
OR OXIPAWT^-^'AIM THE/V\.

WAIT-THE OXII7IZIW6

A6EMT 15 RQ.WCQ.V

AMP THE REPU^IM6
A6EMT 15 Otmt^V?

REPL)<:iM&

A&CWT

OXIPIZIM^ REPU^EP
Afi-EWT

60IM6. BA^K TO THE EXPUO^IVE BLA^< POWPER, WHAT ARE THE AlO^T UIKELV

0XIPIZIN6. AMP REPU^m^ Afi-ENT^? UET'^ l6rW0RE THE SULFUR FOR THE TIME

BEIW6 ANP CONCENTRATE ON THE CARBON AMP SALTPETER:

KMO.

OF TH05E FOUR ELEMENTS, WE CAN ELIMINATE < ANP 0, BECAUSE THE/ ARE

ALREAPy FUUUy OXIPIZEP CK AT +1 ; ANP REPUCEP (:0 AT -2; RESPECTIVELY. IT

15 VERY HARP TO OXIPIZE 0^" OR REPUCE K^' BUT C iOl CAN BE OXIPIZEP

TO +4 A5 EITHER ^0^ OR CO/', ANP N C+5} CAN BE REPUCEP TO ^ A5 W,

50 WE EXPECT 50METHiN(^ LIKE THI5 BEFORE BALANCING:
*T

ai) + KMO^Cs) CO,(q)| + M.(q)I + K/0,(s)

0^



WE <:AN balance THI^ BV F0LL0WIM6- the GIGCTR0U9. EA^H MOL OF <: &IVE5

UP 4 MOL ELE^RON^, ANP EA^M MOU OF M A^^EPT^ 9. THI^ BALAM^E^ IF 2^
MOL ELE<:TR0N^ move FROM 5C TO 4M. {WE 6ET THE OTHER ^OEFFI^IEMT^ BV

BALAM<:iM6 K ANP Oj

5C(5) + 4KW0/5) 3C0.(q)| + IHXq)] + aK/o^Cs)

THi^ rea<:tiom wiuu

ACTUALLY PR0t7U^E A

PRETTY 60017 FIZZ,

gUT ^EMTURIE5 OF
EXPERIMENT HAVE

5H0WN THAT APPIM6

SULFUR MA<E5 A

MU^H BI&6-ER POP.

ELEMENTAL ^ C^^, REt7U^E5 EASILY TO -2 IN K2^. IN FA^T, ^HEMI5T$ NOW

<NOW THAT F0RMIN6 <^^ 15 "EASIER" THAN FORMING K/0,. P0IN6. 50

COHWm^ LE55 ENER^y^ANP LEAVER MORE ENER6'y TO POWER THE BAM6.

50 WE EXPEa 50METHIN6. LIKE:

as) +

\



MOW WE an /V1A<E A FORMULA FOR 3i^CK POWPER. WE ^TART WITH THE

MA5^ -BALANCE TABLE:

REA(:tanT5 MOLAR WEI6.HT PROPU^T$ MOLAR WCI6HT

? mol C



IF you TRy THI5

AT HOME (KOT

IN THE FIR^T

pla<:e;, ALWAy^ be

5URE TO ^RINP

THE IW&REPIENT^

^EPARATELY-
UMLE5^ you WANT
TO BLOW OFF yOUR
FIN6ER5, OR EVEN

yOUR WHOLE HAMP.

WE PM.K OUR POWPER INTO BAMBOO TUBE^, ANP-5Ay, HERE CO/AQ^ A 5HIP.'

Llfi'HT THE FU5E.'

^HoyT)

^^X-.

0?
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Chapter 5

Heat of Reaction

|m the la^t

chapter, we
uookep at

^HEMI^AL

REA^TI0W5 A5

TRAW^FER^ OF
/MATTER. WE
<EPT A IREFUL
A^^0UMTIN6 OF
ATOM^ A5 THEY

REARRAM&EP
THEM^EUVE^.

MOW WE LOOK
AT REA^TIOM^

ANOTHER WAV:

A5 TRAN^FER^

OF ENER^y.

WHAT ENER&y? 7
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PHy5l^l5T5 PEFIM£ EMER^-y ME^HAMiaLUV, A5 THE ABILITy TO PO WORK-* WORK

1$ WHAT HAPPENS WHEN A FOR^E OPERATED OW AN OBJE^ OVER A PI^TAN^E'-

WORK = FOR^E X PI^TAN^E. THE METRIC UNIT OF ENERfi-V 15 THE NEWTON-METER,

OR JOUUE.

1 JOULE = WORK PONE ?/ A FORiE OF ONE NEVVTON OPERATING OVER A PI$TAN£E OF ONE METER.

^HEMI5T5 ^ARE

ABOUT WORK, TOO
an EXPLOSION t?0E5

work;, but we
au50 ^are about
OTHER F0RM5 OF
ENERfi-y CW^f^\CM
ENERfi-y, RAPIANT
ENERfi-y, AN7 HEAT.
EA^H OF THE5E HA5

THE ABILITy TO PO
WORK.

RAPIANT ENERGY
HEAT^ 5ANP

Y
^ANP HEAT$ AIR

y
hot air ri5e*

cwork;

RAPIANT ENERGY
FROM 5UN

Y
iMEMiaU PRO-
iE^^E^ IN PLANT
CPHOTO^VNTHE^I^,

era

Y
punt 6r0wth

cwork;

ONE KINP OF ENERfi.y ^AN BE ^ONVERTEP INTO ANOTHER KINP, BUT ENERfi-y 15

NEVER ^REATEP OR PE^TROyEP. THAT'^ A UW-THE LAW OF CONSERVATION
OF ENERGY.

*NOT TO BE ^ONFU^EP WITH U5EFUL WORK.
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LET'^ EXA/MINE fAU\^miCM EMER6.y MORE ClO^^iV. IF I PU^H THI^ C060WT, IT

MOVE^... AMP TME LONGER AMP/OR HARPER I PU5M, THE FASTER IT &0E5. (THI5

1^ CLEARER IW OUTER ^PA^E, AWAV FROM FRICTION AMP (S-RAVITV.; BV POIW&

WORK OM THE ^O^OMUT, I APP ENERGY TO IT-. KIMETI^ ENERGY (K-^-), THE

ENERfi^y OF MOTION.

BA^K ON EARTH, I

PU5H THE COCOWT
A6AIN, BUT IM AN
UPWARP PIRCaiON.

THE ^O^ONUT FUIE5

UP, BUT IT 5L0W$
UMPER THE PUUU

OF GRAVITY. EVEN-

TUAUUy IT $T0P5
ANP BE(&IM5 TO
FALU. WHAT BE<iAME

OF THE EWER^-y I

APPEP??

^TATIONARV,

NO K.E.,

HI&H P.E.

LOW ^PEEP,

$OME K.E.,

^0/ME P.E.

HI6H ^PEEP,

HI6H K.E.

t M

A^ THE <:O^ONUT

^LOW$ ANP L05E5

|(C.E., IT 6AIN^

POTEkTIAl,
ENERGY (P.E.;.

THI$ 1^ ENER&y
THAT PEPENP^
ON THE BOPy'5
POSITION IN THE
EARTH'^ GRAVITA-

TIONAL FIELP.

K.E. + P.E. 1^

iON5TANT

IT TURN^ OUT THAT AUU FORM^ OF ENERGY ^N BE UNPER5T00P IN TERM^

OF KINETK: ANP POTENTIAL ENER^y. RAPIANT ENERGY, FOR IN^TAN^E, 15 THE

K.E. OF MOVING PH0T0N5, OR LIGHT PARTI^LE^.* THERE 15 POTENTIAL ENERGy

5T0REP IN ^HEMI^AL B0NP5. ANP HEAT 15... HEAT 15... WHAT |^ HEAT, ANYWAY?

THE 'LI6Hr NEEP NOT BE VISIBLE. M0VIN6 PHOTONS <:ONVEy THE ENERGY OF ALU ELE£TR0/MA6NETI^

RAPIATION. FROM X-RAV^ TO RAPIO WAVE5.
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HEAT, WE ICNOW, HA5 ^OMETHIMfi-

TO po WITH TEMPERATURE, amp

TEMPERATURE 15 FAMILIAR EKiOU^H.

WE EVEN KNOW HOW TO MEASURE

IT, WITH A THERMOMETER.

wo° —

^0"

KELVIN 5aLE

?2?.15°

273.15°

THE UMIT5 ARE PE6REE^ C^l'
$IU6 rC;. THE ^EL5IU5 ^aLE $ET5:

^°C = MELTIM6. POIMT OF WATER
1^^°^: = gOILIMfi. POIMT OF WATER

THE KELVIN 5aLE HA5 PEfi-REE^

THE 5AME 5IZE A5 <:EL5IU5, BUT

5TART5 LOWER:

^°K = ABSOLUTE ZERO, WHERE
ALL MOLECULAR AMP ATOMI<:

MOTIOM 5TOP5 = -273.15Y.

X ^%' 27?.15

<:OLLOQUIALLy, WE ^AV 50METHIM& 15

HOT WHEM WE REALLV MEAM IT HA5 A

Hlfi'H TEMPERATURE. A ^HEMI5T WOULP
MEVER 5Ay THI5.' HEAT AMP TEM-
PERATURE ARE MOT THE 5AME.

TO ILLUSTRATE THE PlFFEREM^E,

SUPPOSE WE COOYi TWO ^O^OMUTS,

RAISIM6 THEIR TEMPERATURE BV 75°^

(:from 25° TO 1^^°, sAy;. them the

TWO ^0<:OMUTS T06.ETHER HAVE THE

5AME TEMPERATURE ^HAN6E
AS OME ^O^OMUT, BUT THEy ABSORB

TWI^E A6 MU^H HEAT, bemuse
THEy ^OMTAIM TWI^E AS MU^H MATTER

TO HEAT UP.

SAME TEMPERATURE ^MAM^^E

POUBLC THE HEAT <:HAN(5.E

WHAT, THEM, IS THE RELATIONSHIP

BETWEEM TEMPERATURE AMP HEAT?
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TO B£6IN WITH,

WHEREVER WE
LOOK, HEAT

TRAN5FER5 ARE

A^^O^IATEP WITH

TEMPERATURE
PIFFEREW^E5.
WE KMOW FROM
EXPERIENCE THAT

HEAT FU0W5 FROM
HOT TO COIV.

THAT 15, WHEW A Hlfi'HER-TEMPERATURE OBJE^ MEET$ A LOWER-TEMPERATURE

OgJEa, EMER^y FL0W5 FROM THE WARMER OME TO THE COOLER OME UWTIL

THEIR TEMPERATURES EQUALIZE. AM EXAMPLE 15 WHEM WE IMMERSE 50ME-

THIM6. COOL IM HOT WATER. ASSUME THAT THE "SOMETHIMfi." POESN'T MELT.;

11

T,

t T

INITIAL 5TATE

*^ /?

FIWAL

MEAT FLOW
TAKES PLACE

FINAL STATE

^2 < '''final
*^ ''

1

CFIMAL TEMPERATURES ARE EQUAL, ANP gETWEEW THE ORIGINAL EXTREMES;

THE AMOUNT OF ENERfi'V

TRANSFERRED IS THE HEAT:

HEAT 1^ THE EWER^Y
^HAM6E A^^CIATEP
WITH A PIFFEREM^E
IW TEMPERATURE.
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Internal Energy

$URROUMPIM65 where p0£^ heat emer^-y

(pO? to answer THI^

question, <:0n5iper thi5

^O^ONUT, WHI^H REAUUy

5TAMP5 FOR AKiy ^HEMI^L
5y5TEA1 WITH A PEFIMITE

BOUNPARy BETWEEN IT5ELF

ANP IT^ $URROUNPIW&$.

AT <:U05E RAM6.E, THE ^0<:ONUT $EETHE5 WITH EMER6.y. ALU IT5 MOUE^UUE^

ARE JI66LIM6. RAMPOMUy, ^O THEY HAVE KINETIC EMERfi-y. THEy AL50 HAVE

POTENTIAL ENER^y-. GIUTRIC ATTRAaiON5 ANP REPUL5ION5 A^^^ELERATE AMP

PE<:ELERATE PARTI^LE^, ANAL0&0U5 to the WAy fi-RAVITy W0R<5 ON A

THROWN OBJECT.

C^^^
r4/>'o.o'' ^^"jf_f®

A 5y5TEAi'5 IMTER-
NAl £Kl£R^y 15

THE TOTAL KINETIC

ANP POTENTIAL
ENER^-y OF ALL IT5

PARTI^LE^.
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A ^y^TEM'^

TEMPERATURE
15 A MEASURE OF
THE AVERAGE

TRAW^UATIOMAL

KIMETI^ ENER&y*

OF ALL IT5

parti<:le5, I.e.,

how fa5t thev

FLV OR WI&fi-LE.

THI5 /VIAKE5 5EW5E, 6IVEM WHAT WE <MOW ABOUT TEMPERATURE.

A HI6.HER-T ^V^TEM RAI5E5 THE TEMPERATURE OF A LOWER-T
^y^TEM BE<:AU5E Hlfi-HER-ENER^y PARTI^LE5 TRANSFER EMER^^y

TO L0WER-ENER6.y 0NE5.

THI5 15 A BIT MORE COMPUCMQ\P THAW IT ^OVW^. IN ^A^E^, T MEA5URE5 HOW EWER-

6ETiaLLy M0LE<:ULE5 FLy AROUNP, BUT IW METALS, T AL50 IN<:LUPE5 THE ENER^y

OF MOVING ELEaR0M5... IW ^Ry5TAL5, WI66LIN& I0M5 HAVE P.E. A5 WELL A5 <.E.,

BEaU5E PARTI^LE5 PULL A6AIM5T EA^H OTHER... AMP M0LE^ULE5 COR PART5 OF

M0LE<:ULE5; aw ROTATE OR VIBRATE IMTERNALLy. EVERy 5UB5TAM<:E 15 PIFFEREWT!

jp#T"*
WHEN HEAT 15 APPEP ANP INTERNAL ENER^y RI5E5,

50ME OF THE APPEP ENERl^y P0E5 NOT CONTRIBUTE

TO A RI5E IN TEMPERATURE, BUT RATHER 15 AB50RBEP

A5 P.E., ROTATION, OR INTERNAL VIBRATION.

Different chemicals

have different tem-
perature responses

to heat.

*TRANi6.LAnoNAU ENERGY K ENEI?6y Ae>&oaATEP WITH ?t^RnCl£e' M0VINJ6 THR0U6H S>PAtE. THE

ENeR6Y OF e>PlNNlN6 ANP INTERNAL VIBRAHON li> NOT iNdUUPEP.
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Heat Capacity
THE H£AT ^APA^Iiy OF A 5UB5TAM^E

1^ THE ENER^y INPUT REQUIRED TO
RAI^E IT5 TEMPERATURE gy 1°^. WE ON
^PEAK: of heat aPA^ITy PER 6RAM

Ci>PQC\F\C HEAT"; OR PER MOLE TMOLAR

HEAT aPMW/").

it>m^ PR^HOTT JOULE (1010-1009) MEA5UREC7 THE HEAT <:APA<:iTy OF WATER.

HE ATTA^HEP A FALLING- WEI6.HT TO A PAPPUE WHEEL IMMER^EP IN WATER, gy

MEA5URIN6 THE 5LI&HT RI^E IN TEMPERATURE OF THE WATER/ JOULE FOUNP

THE WORK EQUIVALENT OF A TEMPERATURE ^HAN6E. RESULT:

WATER'5 HEAT ^APA^ITy PER 6RAM

OR ^?9C\P\C HEAT 1^

4.104 Jo\x\Qs/q°C

EXAMPLE-. TO RAI5E THE TEMPERA-

TURE OF 5q OF WATER By 7X
REQUIRED AN APPEP ENERfi-y OF

5 X 7 X 4.104

= 146 JOULES.

•you CAN RAI5E TEMPERATURE BY POIN& WORK ON AN OBJE^. FOR INSTANCE, WHEN YOiJ HAMMER

A NAIL, THE NAIL HEAP WARM^ UP.
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HERE, AT UA^T, 15 THE PRE^I5E REUATI0M5HIP BETWEEN TEMPERATURE AMP HEAT:

Heat change =

Mass X AT X Specific heat
cum^^ iM

TEMPERATURE.

FROM THAT 5IN6UE FORMULA AMP WATER'^ $PE<:iFl^ HEAT, WE Cm FIMP ALU OTHER

5PE<:iFli HEAT^I UET'^ 5TART WITH COPPER. IMMERSE 2 kq COPPER AT 25°C IN 5 kg WATER

AT 3^°C. LET THE TEMPERATURE STABILIZE. <:HEi< THE THERMOMETER. IT REAP$ 29.0?°C.

THE WATER BARELV <iHAM&EC7 TEMPERATURE, BUT THE COPPER REALLY HEATEP UP.'

THE TEMPERATURE
<iHAN6E5 CAT; ARE

WE cm IMMEPIATELV <:AL^ULATE WATER'5

HEAT L055. (HEAT ^HAN&E5 ARE PEMOTEP

By THE LETTER q>.

q^^^g^ = C5000qX-0.n°OC4A9 J/q°0

= -355? Joules

BUT THE WATER'^ L055 15 PRE^^I^ELV

^OPPER'5 6AIN CA55UMIW6 MO HEAT

LEAX:5 OUT OF THE VE55EL;. THAT 15,

' COPPER
= 355? Joules.

5IM^E THERE WERE 2000q Of COPPER.

THE FORMULA 5Ay5-.

355? J = C2OOOqXA.03°K^^

CC^^ = ^OPPER'5 5PE^IFI^ HEAT;

50LViM(5. FOR C^^,

^C."
3553 J

cioooq^CAm':)
= £?.?7 J/q°^
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AMAZIM6Uy. ^OPPCR'^ i>PU\FlC HEAT 15 UE55 THAM OME-TEMTH THAT OF WATER.

WATER cm 50AK UP HEAT WITH LITTLE RI$E IM TEMPERATURE, WHILE ^OPPER'5

TEMPERATURE RI5E5 ALMOST EFFORTLE^^L/.

O

•i^.'

LIQUIP WATER HA5 MANV HVPRO^EN

BONP$ BETWEEN IT$ MOLE^ULE^ C5EE

CHAPTER V. THE5E gONP^ MAKE IT HARP

TO &ET A WATER MOLECULE M0VIN6.'

APPEP HEAT LAR&EL/ 60E$ INTO THE P.E.

A5$0<ilATEP WITH THE5E ATTRACTIONS.

^ C
s

/^ .^''^y • i" O WATER I

COPPER, ON THE OTHER HANP, HAS A

"SEA" OF HI6HLy MOBILE ELECTRONS.

APPEP ENER&y SIMPLY MAKES THEM FLV

AROUNP FASTER. THAT IS, HEAT ALMOST

ALL <^OES INTO K.E., ANP TEMPERATURE

RISES ACCORPIN&LV.

a:

<

THIS EXPLAINS WHY
WATER IS USEP AS

A COOLANT IN

MACHINERY, FROM
CAR EN^'INES TO
NUCLEAR REACTORS.

THE HEAT TRANSFER

FROM HOT METAL

TO COOL WATER
PROPS THE METAL'S

TEMPERATURE PRA-

MATICALLV. WHILE
RAISIN6 WATER'S

RELATIVELY LITTLE.
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MAMV OTHER ^PUtFtC HEAT5 Cm
BE FOUMP THE 5AA1E WAV. IF WE
REPUTE COPPER WITH IROM IN

THE EXPERi/V\ENT C^AME TEA1PERA-

TURE$, •^AME MA55E^;, WE FINP

AT
WATER

'0.206°

AT = 4.794°

FROM THE EXAa 5AA1E COMPU-

TATION A^ BEFORE, WE FINP

AU50 VERy LOW.

NOW MEASURE IRON A6AIN$T

ETHANOL, OR 6RAIN AUOHOL.
A55UME THE 5AME MA^$E5
ANP A 5° TEMPERATURE
PIFFERENCE AT THE ^TART.

AT,

AT

ETMANOL
-0.36°

IRON
4.65°

ANP WE aUUUATE A5

BEFORE-.

•'ETHANOL *^"^ ^'^

CLOSER TO WATER.

WE ^N
CONTINUE
MEA5URIN&
ONE THIN6
A(S.AIN5T

ANOTHER
UNTIL WE
"BOOTSTRAP"

A WHOLE
TABLE OF
SPECIFIC

HEAT$.



Calorimetry
THE POINT OF ALU THE^E

PRELIMINARIES 15 TO FINC?

THE HEAT ^HAM6E6 OF
^HEMiat REArriON^:
HOW MU^H ENER^y 15

RELEA5EI7 OR ABSORgEP A5

HEAT WHEN A REA^ION
TAKES PLA^E. WE ARE NOW
IN A POSITION TO
MEASURE THIS.

c

%
.M

THE METHOP IS SIMILAR TO THE WAV WE FOUNP SPE^IFK^ HEATS: RUN THE REA<:-

TION IN A VESSEL OF KNOWN HEAT ^PA^ITy C ANP MEASURE THE ^HANg-E IN

TEMPERATURE. SIN^^E THE VESSEL ABSORBS WHAT THE REA^ION fi^lVES OFF-OR

VI^E VERSA-THE HEAT ^HAN^-E q OF THE REA^ION IS -q^g^^g^ = -CAT.

MEASURE INITIAL

TEMPERATURE T,

RUN REA^ION MEASURE FINAL

TEMPERATURE T

q = -CAT
THE REAaiON VESSEL ANt? ITS SURROUNPIN& PARAPHERNALIA TOGETHER ARE

^LLEP A BOMB ^LORIMCTER. the REA^ION <:HAMBER, or "WfAV IS

USUALLV IMMERSEP IN WATER, WHI^H ^N BE STIRREt? TO DISTRIBUTE THE

HEAT. A THERMOMETER COMPLETES THE APPARATUS.
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Example
<:OMBU^TIOM OF 0CT^U9 CJA^g, A <:0A1P0N£MT OF ^A^OLIME:

TO MEASURE THE HEAT <5.IVEM OFF, WE MEEP A 5TRON(5., HEAVY BOMB TO WITH-

5TAMP THE Hlfi'H TEMPERATURE ANP PRE55URE fi-EWERATEP. A THI^K-WAUUEP

$TEEL ^OMTAIMER 0U6HT TO PO... LET'5 ^UPPO^E IT^ HEAT <:APA<:iTy 15 15,^£?^

J/Y. WE IMMER5E IT IN 25 U OF WATER, WHI^H HA5 A MA55 OF 29£?C? g.

THE WATER''^ HEAT CtK?U\Ti 15

(25£?d?qX4.104J/q°O = \0M>0 ZfC.

50 THE ^ALORIMETER'5 TOTAL

HEAT Ck?UAVt 15

\0,AbO + 15,£?£?C = 25,46^ ITC.

5UPP05E T,, THE IMITIAL TEMPERA-

TURE OF THE aUORIMETER, 15 25°.

WE PROP ONE 6.RAM OF O^ANE INTO THE ^Om... I(?NITE IT WITH A

5PARIC... IT BURN5... THE HEAT 5PREAP5 THROUGHOUT THE CALORIMETER...

WE AGAIN C0N5ULT THE THERMOMETER, ANP FINP T^ = 2^.00°. THEN

AT = T^ - T, = 1.00°

THE MAGIC FORMULA 15

WE PLUG IN ANP FINP

q = -(25,460 J/°C)(1.00°C) = -47,300 J

= - 47.0 kJ

ANP WE COnClWQ^ THAT OCTANE RELEA5E5

47.0 kJ/q OF HEAT WHEN BURNEP.

A FORCE OF ONE
WEWTON PU5HIN6 FOR

47.0 KIL0MCTER5?

VE^, ir5 A LOT!.'
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Enthalpy
THE 90m aLORIMETER

15 6reat, womperful,

fanta^tk:, but a bit

unreau^tk:, be<:au5E

THE REAaiON VE55EL

1$ 5EALEI7. eOME REA<:-

TI0N5 IM THE BOMB

yv\Ay PROQva hi6H

PRE55URE5, WHI<:H aW
AFFEa TEMPERATURE.

FOR EXAMPLE, AW EXPLOSION IN THE OPEM AIR 6IVE5

OFF 6A5E5 THAT EXPAMP RAPIPUV AMP PU5H THE
5URROUNPIM6 AIR OUTWARP. IM OTHER \A/0RP5, THE
&A5E5 PO WORK ON THE $URROUNPIN65.

(( »

IN THAT <:A5E. THE ENER^V ^HAN6E AE
OF THE REA^ION HA5 TWO <:0MP0NENT5,

WORK ANP HEAT:

AE = A/7 + wORif

PU5HIN6 AIR

OUT OF THE
WAV C00li>

THE REAaiON
?ROQUCT$!

HEAT
£MAM&E

WORK

m
r

>

AW HERE MEAM^ THE HEAT CHAM^E WHEN THE

REACTION \'? RUM 0UTP00R5.

IN THE BOMB ^UORIMETER, THE 6A5E5

PO NO WORK, BE<:AU5E THE EXPLOSION

15 <iONFlNEP IN A FIXEP VOLUME. ALL-

THE ENER^y 15 REUEA5EP A5 HEAT.

AE = q

THEREFORE

q = A/y + WORK

50

q > A/7

THE HEAT ^HAN&E IN THE BOMB 15 GREATER

THAN THAT IN THE 0UT5IPE WORLP.

90



TO MEASURE EMTHAUPV CUMC^Q, WE U5E A ^LORIMETER THAT MAINTAIM^

COH^TMT PRE^^URE. THEN THE PR0<:EPURE 15 THE 5AA1E A5 WITH A Wm
aUORlMETER-. MEASURE INITIAL ANP FINAL TEA^PERATURE5 T, ANP T^, THEN

MULTIPLV T^-T, TIA1E5 THE HEAT Ck?M\V/ OF THE ^LORIA^ETER.

Example
gXPLO^lOW OF gLA(iK POWPER CHERE WE fi-IVE A MORE REALI^TK: EC?UATI0N THAN

previously;-.

4k:N0,C5) + TCCs) + 5(5) -^ U0^\ + ?COI + 2W2I + KjCO/s) + K^^s?

SUPPOSE OUR aLORIMETER HAS A KNOWN HEAT ^PA^ilTV OF ?37.6 Vl/X. WE

START WITH 5^^q OF POWPER. THE TEMPERATURE ^HAN&E AT IS FOUNP TO BE

A.79°C, ANP WE <:oyV\PUTE

m^ -C337.6\cJ/XKA.7e''C)

= -1614 kJ

FROM THIS WE cm FINP THE ENTHALPV iHAN^E

PER 6.RAM, AH/q.

A/V/gram = ^^ = -?.2? kJ/q
5^d?

Example
HERE IS A REAaiON THAT ABSORBS HEAT-.

UCO^L-O U0(<0 + C0^\

WE START WITH THE ^LORIMETER HOT ENOUd'H TO PRIVE THE REACTION. AT THE

ENP, THE aLORIMETER IS COOl^R THAN AT THE BE6.INNIN<5.. IF WE START WITH

ONE MOLE OF CaCOj, WE FINP THAT

SO

AT = '0.^3X

A// = -C337.6 \cJ/XX--053°O

= 179 kJ/mol

REACTIONS THAT RELEASE HEAT (AW < 0^) ARE ^LLEP EXOTHERMIC. REA^IONS THAT

ABSORB HEAT FROM THE SURROUNPIN^S CA/y > 0) ARE ^ALLEP CMPOTHCRMIC.
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Heats of Formation
gpREATI WOW WE Cm
MEASURE A// FOR JU5T

ABOUT AWy REA^IOWI

TOO BAP THERE ARE 50

MAWy REA^TI0M5... THI5

<:OUUP TA<E A WHILE...

WmiV, IM(^EMI0U5 COR

LAzy; <:hemi5T5 have

THOUGHT UP A 5H0RT
^UT: IN5TEAP OF
A1EA5URIM6 ENTHALPy

^HAN6.E5, WE <:AW

at^UlATE THEA^.

THE BA5i^ ^on<:ept 1$ ^LLEP EMTHALPy OF FORMATION, writtem A/V^

THE EMTHAUPy <:HAM6.E THAT 0C6VRi> WHEN A MOLE OF 5UB5TAM^E 15 FORMEP

FROM IT5 ^OM^TITUENT ELEMEMT5. FOR IM5TAM^E, WHEN A MOLE OF LIQUlP

WATER 15 FORMEP FROM HyPROfi^EN ANP OXyfi-EN, OUR ^LORIMETER MEA5URE5

H.(q) + ^OXq) H^Od) A/Vf = A/y = -205.0 kJ/mole

^UB^TANiE A//p IcT/mol

EA^H w^^rmc^
HA5 A HEAT OF
FORMATION, WHIfiH

aN EITHER BE

MEA5UREP OR
INFERREP. EVERy

ELEMENT IN IT5

M05T 5TABLE FORM

C5U^H A5 C, O2 OR
5; HA5 LH^^ 0.

COCq)



HOW PO WE U5E HEAT5 OF FORMATIOW? HERE'5 THE

IPEA. IMA^-IME AKiy REA<:TI0N-. REAaAMT^—» PROPUa^.

LET'5 IMA6.IME IT A$ TWO ^U^^K5IVE REAaiOM4:
REA<:TAMT5— <:OM$TITUEWT ELEMENTS— PROPU^T^.

A/;^ €0

(9 ^

BREAKIM6 THE REA^ANT^
INTO EUEMEMT5 HA5 A

HEAT ^HAM&E OF MINU4
THE REAaAMT^' TOTAU

ENTHALPHy OF FORMATION-.

A/y, = -TOTAL A//f OF ALU

rea<:tant^.

blulpiw^- the prowcti> ha$

A HEAT (:HAN6.E EQUAL TO
THE PROPUa^' <:OMBINEP

ENTHALPHy OF FORMATION.

A/y^ = TOTAL A/Vf OF ALL

PR0PU^T5.

/
THE CNTHALPy ^HAN^'E OF THE ENTIRE REA^ION, THEN, 15 THE TOTAL ENTHALPy

^HAN^E OF THE TWO INTERMEPIATE REA^TION^-.

= A/y^CPROPua^; - A/y^^REAaAMT^;

THAT 15, IN AMY REA<^TION, A/V 15

5IMPLy THE PIFFEREN^E BETWEEN

THE ENTHALPIE5 OF FORMATION OF

THE PR0PU^T5 AMP THE REA^TANT5.

THI5, By THE WAy, 15 AN EXAMPLE OF A PRINCIPLE ^LLEt? HE6^'$ LAW:

ENTHAUPy ^HANfi-E PEPENP5 ONLy ON THE BE^INNINfi. ANP ENI7 5TATg5, NOT

ON ANyTHIN6 IM BETWEEN. IF A REA^ION HA5 INTERMEDIATE 5TA6'E5, THEN

A/y 15 THE 5UM OF THE INTERMEDIATE ENTHALPy ^HAN6'E5.

IF NATURE 5Ay5 TO 5ICIP

THE IN-BETWEEN5, WHO AM
I TO PI50BEy NATURE?

f^ df^-<

1^1



Examples
LIME5T0ME COOK$ TO QV\CKim^--

CaCO^Cs) -^ CaOCs) + CO^] A/y = ?

WE MAKE AM ENER^y-BAUAN^E TABLE, similar to the ma55-balan<:e tabued of

THE LA^T <:HAPTER. WE REAP THE HEAT$ OF FORMATION FROM THE TABUE OU P. ]00

REA^TAMT ^f mo°es A/V^ nA/Vf PROPU^T a A//, aAWf

CaCO^



/ NOTE THAT MITRO- \^ bViCSfiM^ RELEA^EP \

( TWICE A$ MUiH HEAT \

) \ PER 6RAM C6.26 kJ) /
\ A5 bua<:k powper /
V C3.2? kJ). Jl

COm\)^-\\0\^ OF MATURAU 6A^ CMETHAWE, C^e)

CH/q) + 202(9)—CO/q) + iM^OCq)

REA^TAMT a A//^ nA/V^ PROPUa n AWf nA/y,

CH4



IN THI^ CHAPTER WE'VE $EEN MEAT ^HAW6.E5 IN TWO PIFFEREMT iONTEXT5:

FIR^T, A5^0^IATEP WITH TEMPERATURE ^MAMfi'E^, AMP ^E^OMP, A^^O^IATEP WITH

REAaiOM^. IN TME NEXT CHAPTER, WE FINP HEAT IN ANOTHER, ^URPRI^INg-

PUA^E: ^HAN&E^ OF 4TATE.

THAT 15, WHEN A 6>03^TmC9 CWMiC?^^ FROM A 50LIP 5TATE TO LIQUlt? COR

UIQUIC? TO g'A^, OR 6A5 TO 50LIP, ET^A HEAT 15 AC7PEP OR TAKEN AWAV-ANP

THI5 HAPPENS WITH NO ^HAN^-E IN TEMPERATURE. AT TIME5, IN OTHER W0RP5,

HEAT ^N ^HAN&E 6TRU^URE RATHER THAN TEMPERATURE.

HOW INEFFABUy^X
MV^TERIOU^... WHERE \

POE^- THE ENER^y 6-0? /

TO UNPER5TANP THI5 PUZZLE, WE NEEP TO GO A BIT PEEPER INTO THE

WORUP OF 50LIP5, LIQUIP^, ANP ^-A^E^...

WA



Chapter 6

Matter in a State
UNPER ORPIMARy ^ONPITIOM^-OUT^IPE OF 5TAR$, ^Ay-AIATrER <:0/ME^ IN

THREE 5TATE5: 50LIP, HQUIP, ANP ^A^.

IM 50LIP5, PARTI^LE^ ARE LO^KEP

TOGETHER IN A RI&IP ^TRVCWRG. A

50LIP HA5 BOTH A PEFINITE ^HAPE

ANP VOLUME.

IN LIQUIP^, PARTI^LE5 ^LIN&

T06.ETHER, BUT OVERALL ^TRU^TURE

1^ LA^KIN^. A LIQUiP HA5 A PEFINITE

VOLUME, BUT IT^ 5HAPE ^ONFORM^

TO iT$ CONTAINER.

IM 6A5E5, ^TRUaURE 15 ABSENT.

PARTI^LE^ FLy AROUNP ALMOST

TOTALLy INPEPENPENTLy. A (?A5

HA5 NEITHER A FIXEP 5HAPE NOR

VOLUME, BUT WILL EXPANP TO
FILL ANy CONTAINER.
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AREN'T you 6UAP

POM'T EXPAMP TO
FILL 5PA^E?

75 y I PON'I

A MKS-HT

T KNOW-
BE FUN/

WHAT H0LP5 $0LIP5 AMP LIQUIC?^

TOGETHER? THE ANSWER LIE5 WITH

IMTERMOte^UtAR F0R^£6
OMF^; WITHIW THE 5UB5TAM<:e.

THE5E ARE ATTRA<:TI0N5 gETWEEN
/v\0LE<:uLE^ (:a5 oppo^ep to the
B0NP5 WITHIN A MOLE^ULEX

OME IMF WE HAVE ALREAPV EN<:OUMTEREP 1^ THE HYPRO^CW BOMP. IN

WATER MOLE^ULE^, EUE(:TR0N5 ^TAV ^U05ER TO THE OXYGEN ATOM, •^O THE
HyPRO^EN ATOM^ EFFECTIVELY ^RRV A POSITIVE CHAR&E. THI5 ATTRACTS
THEM TO THE NEfi^ATIVE POLE OF ANOTHER WATER MOLECULE.

HyPRO&EN BONP$ ARE
PENOTEP gy THREE P0T5

BECAUSE OF IT5 TWO ELECTRIC P0LE5, A WATER MOLECULE 15 CALLEP A PIPOLE-
MANY OTHER MOLECULES ARE PIP0LE5, TOO, ANP THEY ATTRACT EACH OTHER
ENP TO CHAR6EP ENP. PIP0LE5 MAY AL50 ATTRACT ION$.

\

PIPOLE-PIPOUE
ATTRACTION

lON-PIPOLE ATTRACTION

W6



MOMPOLAR M0LE^ULE5 ^AM BE<:OME PIPOUE^. FOR EXAMPLE, WHEN AM lOM NEAR^

A /AOIUVIQ, THE ION'5 ^HAR6E Cm PVpW OR PULL THE MOUE^UUE'5 EUE^ROM^

TOWARP OME EN7. THE /V10LE<:UI,E BE^^OME^ AN INPU^CP PIPOUC, AMP OME

EMC? 1^ ATTRA^EP TO THE lOM. A PIPOLE ^N IMPURE AMOTHER PIPOLE, TOO.

EVEM THE 6H05TUy FLIfi-HT OF EUE^RON^ WITHIN AN ATOM OR MOLE^^UUE

d:AN MAKE IT AM "IM^TAMTAMEOU^" PIPOUE-WHI^H ^M THEN IMPURE A NEARBV

ATOM OR MOUE<:ULE TO BECOME A PIPOLE, ET<:. THE RE5ULTIM6. RIPPLING-

ATTRAaiON 1^ (^ALLEP THE tONPON PI6P£R6ION FORCQ.

A TEMPORARy ^HAR&E IMgALAW<:g $ET5 OFF A RIPPLE OF PIPOLE-PIPOLE ATTRAaiON^.

ALTHOUGH THEV ARE <:ALLEP IMTER-

MOUE^ULAR for<:e^, the$c attra^tiom^

90 WOT OPERATE ON MOLEiULE^ ONLV.

NOBLE &A5 AT0M5, FOR IN5TAN^E, FEEL

THE LONPON PI^PER^ION F0R<:E.

FROM NOW ON, WE'LL BE A LITTLE LOO^E

WITH LAN6LIA6'E ANP 50METIME5 REFER

TO IMF^ A^ B0NP5. BONP$ OR IMF^-.

THEY'RE ALL QIGCTRIC ^T^R^CT\OM BE-

TWEEN PARTI^LE^.'

W7



TMI^ TABLE 5U/V1A1ARIZ£5 THE 5TREN6'TH5 OF PIFFEREWT ATTRACTIVE

FORCED. THE ^TRCKI^TH OF A BOWP AIEAN^ THE EMER^V REQUIRED

TO BREAK IT.

Strong attractions

IONI<:

lOM-ION ATTR/w^TION

/V\ETAULI<:

ELE^RON 5MARIN6
AM0Ki6 METAL I0N5

COVALENT
ELEaRON ^MARIN6

$TRCN(5.TH

WO-'iOOO kJ/mol

50-WOO kJ/mol

^00-\000 kJ/mol

Moderate attractions

AN EXP05EP PROTON
Ik OWE MOIUOU
attracts a ne6ativeuy

(:har6ep atom in a

lON-PIPOLE

Weak attractions

PIPOLE-PIPOLE

IOM-IWPU(iEP PIPOLE

PIPOLC-IWPUCEP PIPOLE

IM5TAMTAWgOU5 PIPOLE-

iMpucEP PIPOLE (:pi^per5iom;

2£?-4i7 kJ/mol

1C?-2^ kJ/mol

1-5 kJ/mol

1 - ? kJ/mol

0.05-2 kJ/mol

0.05-2 kJ/mol

MOTE: PI5PER5IOW FOR^E^

ARE GREATER BETWEEN
LARGER AT0M5, WHI<:M

HAVE MORE GUCTROH'? TO
PLI5M AROUWP ANP WHERE
ELECTRONS ARE FARTHER

FROM THE WCIGV? AMP
50 MORE EA^ILV PU^HEP.

109



A5 gVERVOWE KN0W5 WHO HA^ EVER ^KW I^E MELT, TEMPERATURE AFFErT^

^TATE. RAI^E THE TEMPERATURE OF ANVTHIWiS. HI&H EW0U6H, AMP IT gE<:0ME5 A &A^.

HOW HI6.H PEPEMP^ OW THE BOMP AMP IMF ^TREM^'TH^ WITHIM THE ^UB^TAM^E.

yOU'LL BE
FAMOUS... O

$ub5tam<:e$ with weak
IMF^ <:AN be 50LIP OR

UIQUIP ONiy AT VERV UOW
TEMPERATURES, WHEM PAR-

TICLES MOVE SLU6.&ISHLy.

>^ V

AS TEMPERATURE RISES,

MOUE(:UUAR MOVEMENT
STRAINS IMF5. IF THE
FORCES ARE WEAK, THE
SUBSTAMCE MUST BECOME
LIC?UIP OR &ASEOUS.

K^m

By CONTRAST, STRON&Ly

BOMPEP SUBSTANCES CAM

REMAIN SOUIP EVEN AT

THOUSAMPS OF PE&REES

CEUSIUS.

•r

*"> -.

V

• \ ^
W9^jmc5 fORC£

BONP

(kJ/mol)

MELTIN6
POINT

B0IUIk6

POINT

CO
IM OTHER WORPS,
SUBSTANCES WITH

WEAK IMF5 MELT AMP
BOIL AT LOWER TEM-

PERATURES, WHILE

THOSE WITH STRONG
BOMPS MELT AMP BOIL

AT HIGHER TEMPERA-

TURES. WATER, WITH

ITS HyPRO^EN BONPS,

IS SOMEWHERE IM

BETWEEN.

Ar



THE 5IMPLE5T 5TATE OF MATTER MA5 CALM05T; MO IMF5 AT ALL.

Gases, Real and Ideal
6A5 PARTI^LE^ ZOOM
AROUNP FREELV, OR
WEARLV 50. WHEM THEV
170 BUMP IWTO EA^H

OTHER, THEV FEEL AN
IMF, 50 THEIR <:0L-

LI5ION5 ARE A BIT

"5Tl^k:y" CLE., 50ME K.E.

15 L05T IW 0VER^0MIW6
THE attra<:tiow;.

FOR THEORETICAL PURP05E5, <:HEMI5T5 I6M0RE THI5 MINOR (^OMPLI^TION ANP THINK

ABOUT AN IPEAU 6A^. IN AN IPEAL &A5, ALL PARTICLE5 ARE IPENTK^AL, THEV ZOOM
AROUNP FREELy, ANP ALL COiU^lOW? ARE PQRfQCTiY BOUNCV, OR CUA^TI^—THAT
15, K.E. 15 PRE5ERVEP.

BVE.' / \ J^^^r*^ ^y^^^^y \ij \aRE5?,

IPEAL 6'A5

ONE cm PI5CU55 CERTAIN PR0PERTIE5 OF AN IPEAL 6.A5:

p^ THE NUMBER OF M0LE5, A

11 MOLE BEIN6. b.0% X 1C?^'

PARTICLE5

^ THE VOLUME

TTHE TEMPERATURE IN

PE6.REE5 KELVIN

P THE PRE55URE

PRE55URE? WHAr5
PRE55URE? COME ON.'

TELL ME.' RKS'HT NOW.'

HURRy UP.'

^""'^^^

o

u
vf
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PR£55URE 1^

PEFlNCt? A5

FOR^E PER
UNIT OF AREA.
A PORCQ APPUIEP

TO A 5MAUL AREA

cm HAVE MORE
EFFEa THAN A

FOR^E 5PREAP

OVER A LARfi'E

AREA. THAT'5 WHV
you 5IT OM A

5T00L IM^TEAP

OF A NEEPLE/

$AME PORCQ.

(vouR weight;,

DIFFERENT AREA

6.A$ HA^ PRE55URE

BEaU^E IT^ PARTI

-

6l£^ BUMP INTO

THIN6^.

Pressure =-^

5IN^E POUBLINfi' AN

AREA P0UBLE5 THE

NUMBER OF (iOULI^ION^

ANP 50 P0UBUE5

THE FOR^E, FOR^E

ANt? AREA 60 UP

T06.ETHER, 50 THE

PRE55URE 15 <:0N-

5TANT THROUfi'HOUT

THE 6rA5.

THE AIR AROUNP U5 EXERT5 ATM05PHERI^ PRE55URE. OME ATMOSPHERE
CI atm; 15 THI5 PRE55URE CON AVERA<S.E; AT 5EA LEVEU IN TERM5 OF METRIC

UNIT5-.

1 atm = ^0^3>^'j NEWT0N5/Tn^

= 1^.1925 NEWT0N5/cTn^

ATM05PHERIi PRE55URE 15 HU^E/
WE PONT FEEL IT BEaU5E IT PU5HE5

FROM ALL I7IREaiON5, BUT RECALL

&UERI^<E'5 EXPERIMENT WITH HOR5E5

TO APPRECIATE IT5 TRUE MA6.NITUC7E.

xi^^» » j.-v- »- -
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Gas Laws
NOT 5URPRI^IM6.Uy. a, T, V, ANP P AR£ ALL RELATEP. FOR IN^TAW^C, VOU MI<$-HT

EXpga THAT MORE PARTK^LE^ WOULP 0^(:UPy A GREATER VOLUME, ALL EL5E

BEIW6 EQUAL. AMP 50 THEV POI INi FA<:T, W^ A LAW, THE FIR5T OF THREE

&^$ LAW5, whi<:h we li^t in alphabeti^l orper.

AVO^APRO'^ LAW: if

T AMP P ARE FIXEP, THEN

VOLUME 15 PROPORTIONAL

TO THE NUMBER OF M0LE5.

r\.

V,

OTHERWISE, PRE^^URE
WOUUP Mm6>Q,
WOUUPN'T IT?

» • . ^

D THI5 IMPLIED THAT A 5ET VOLUME OF 6.A5 (AT FlXEP T AMP P;

ALWAV^ HA5 THE 5AME MUMPER OF MOLE^ULK-MO matter

WHAT WHAT 6A5 IT l$! THI5 FA^^T ENAKLEP WIWETEENTH-^ENTURy

^HEMi5T$ TO FINP ATOMI<: \tJG\Mr^ FOR THE FIR5T TIME.

BOytC'^ LAW: IF n AMP T
ARE FIXEP, THEN VOLUME 15

INVER5ELy PROPORTIONAL TO
PRE55URE.

P V = P V

IM A LAR6ER VOLUME,
FEWER PARTI^LE^ HIT

A UNIT OF ARE^..

THAM IW A ^MAUUER
VOLUME.

^HARLE6'4 LAW: with a anp P

FIXEP, VOLUME 15 PROPORTIONAL

TO TEMPERATURE.

IF T RI^E^..

MORE-EMER&ETIi PARTI-

iLE$ PU^H UP THE PISTON.
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ALL THE^E LAW5 CM BE ROLLEP IMTO A 5IN6'LE EQUATION THAT ^0/MBIME5

THE RELATIONSHIP AMONfi- ALL FOUR VARIABLES. IT'S ^LLEP THE IPEAU 6A^
L.AW, ANP IT &0E5

HOLt? AKiy TWO VARIABLES FlXEP, AMP yOU SEE THE

RELATIONSHIP BETWEEN THE OTHER TWO AS fi-IVEN

IN THE A, B, C LAWS ON THE PREVIOUS PA6.E.

A (iOWSTAMT

OF NATURED

R an BE FOUMP AS FOLLOWS: FIRST, EXPERIMENTALLV DETERMINE THE VOLUME

OF ONE MOLE OF 6AS CmV ^-AS, W AV06APR0/}. AT ^°C (= 17r<) ANP 1 ATM,

IT TURNS OUT THAT ONE MOLC Of 6A6 OCCV?\G^ 22.4 LITERS, so:

a

T
P

V

1 mol

1 atm

22.4 L.

PLU& INTO THE &AS LAW EQUATION:

(1 atm) (22 .4 L) = mol) R (27^10

SO

R = (22.4/27?) atm-L/morK

= 0.001 atm-L/morK

THE ^ONPITIONS

T = OX ANP

P = 1 atm

ARE <NOWN AS ^TANPARP TEM-
PERATURE ANP PRE56URE ^6TP;

11?



Example:
WHAT MOl\)N\^ Of &A5 1^ RELEA^EP gy THE EXPLO^IOM OF OME 6RAM OF

BUA^K POWPER?

\ /^
? + ? + 2 * mol 6A5

THE MOLAR WEIGHT OF THE LEFT

^IPE 15 52C>q, WHI^H PROPU^E^

mol 6.A5. •^O ONE ^-RAM OF
POWPER PROVVCG^

0/'?10)C9) = O-O^i? mol &A5.

50 n = 0.0}'?. P = 1 atm, ANP

EXPERIMEMT 5HOW5 THAT THE

TEMPERATURE T 15 ABOUT 225C'°K.

50LVIM6 FOR VOLUME,

nRT
V =

CO.O^i? modCO. 092 atm-l/mo\°\0 (22^0°)

1 atm

2.9 LITER5

RAPIP gXPAM^ION
OF HOT 6.A^ -

EXPLOSION!

M10^^ /

• o

5 ^r^v^^

A (S-RAM OF POWPER, WE MEA5URE, OCC\)?\^'? A TIWV VOLUME, ABOUT ^.0 mL.

THE EVOLVEP 6A5 EXPANP5 TO

(.29001 /(JD.91 = 3,5C'C TIME5

THAT VOLUME.' IF WE WAWTEP TO

<:0WFINE THE 6.A5 IM A LITTLE

PA^KA&E 1 mU (- .0<?1 L; IM

VOLUME, IT WOULP BUI LP UP A

PRE55URE OF:

P =
rxRT

_ C0.0\'?X0-092X22'?0)

i0.00\)

OR ABOUT 2000 atm.
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Liquids
BEaU^E OF THEIR IMF5, LIQUIP^ HAVE ^OMPLI^TEP BEHAVIOR. THERE ARE MO

"IPEAL LIQUIP5."

HQUIP^ BEHAVE A^ IF THEV HAVE A

5K:IN. ATTRA^ION AM0N(5. 5URFA^E

y\^OLE^ULE5-4URFA^E TEM^IOM-
KWIT5 THEM TOfi-ETHER MORE Tlfi'HTL/

THAM INTERIOR MOLE<:ULE^. THAT EX-

PLAINS wHy BU&s cm WAU< on water...

UIQUIPS EXPANP WHEN HEATEP-- AS MOLECULES

MOVE FASTER, THEV &9T FARTHER APART. THIS

MAKES THERMOMETERS POSSIBLE-. THE LIQUlt?-

MER^URV OR WHATEVER-EXPANPS UP THE TUBE

WHEN WARMEP, ANP SHRINKS WHEN <:OOLEP.

^.oM/2^

115



Evaporation and Condensation
IW M05T UQVm, MOUC^ULAR
MOVEMENT C^^ OVERCOME
^OHE^IVE F0R^E5. IW THAT

a5E, 50ME M0LE^UUE5 BREAK

THROU^rH THE 5URFA<:E AMP

eVAPORATE. <:oMVER^ELy,

LE5^-ENER6ETI<i VAPOR
yv\0LE^ULE5 MAy COllQCT IMTO

HQUIP, OR ^0NP£N6C.

»' -y'-—

—

r-
^

WHEM A MOLECULE &OGi> 6.A^EOU5, ENER^^y N\V$T BE AB50RBEC? FROM THE

^URR0UNPIN6'^ TO BREAIC THE ATTRA^IVE F0R^E5 (BONP^, IMF^; THAT EXl^T

wiTHiM THE LiQUiP. EVAPORATION 16 ENPOTHERMI^.

liquid —> gas AH>0
IM OTHER W0RP5, &^i> li> A MORE
EWER6ETI^ $TATE OF MATTER
THAN LIQUIP.

^'fe-^-fM^??:?'•^i:o^'y-'o^onyqg^^.

FOR EXAMPLE, WATER''^ HEAT OF VAPORIZATION CAT 1 atm, 2^°C) 15 AA kJ/mol.

THAT 15 THE ENTHALPy <:HAN6E OF THE "REA^^TION" H^^Cl) -^ H^OCg).

THI5 15 WHy
PER5PIRATI0N

W0RK:5. EVAPO-

RATING 5WEAT
I7RAW5 HEAT

FROM yOUR
BOPy.
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A BRIULIAMTLV SIMPLE APPLI^ATIOM

OF THI$ 44 kJ/mol 15 THE <:00UIN6-

POT OF NI6.ERIAN POTTER

MOHAMMAP BAH ABBA.

INNER POT

OUTER POT

WET ^ANP

ONE CVM POT 5IT5 IN5IPE

ANOTHER, WITH A UAVER OF WET

5ANP IN BETWEEN. THE OUTER

POT \b UN6LAZEP ANP POROUS.

WATER
VAPOR
ANP
HEAT

IN A PRV ENVIRONMENT, THE

WATER IN THE 5AN[? LAVER

EVAPORATED AN17 PA55E5 OUT
THROUGH P0RE5 IN THE OUTER

POT. IN THE PRO^E55, IT [7RAW5

HEAT FROM THE APPARATUS.

THE TEMPERATURE INDIPE ^N
FAUU AD FAR AD WC C- 25°F;

BELOW THAT OF THE OUTDIPE-

A LIFEDAVER IN PEDERT ^OUN-

TRIED WHERE MODT PEOPLE

aNNOT AFFORt? A FRIPfi-E.
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NOW IMA^IME A LIQUlt? IN A CiO^^Q

CONTAINER AT (iON^TANT TEMPERA-

TURE. A^ LIQUIP EVAPORATED, VAPOR

BUILP5 UP, ANP DOON 50ME OF

THI5 VAPOR BEHIND TO ^ONPENDE.

EVAPORATIOM

cowm-
$ATION

AT FIRDT, EVAPORATION OUTPACED ^0NPEN5ATI0N, BUT EVENTUALLY, ^ONPEN-

DATioN AiAy arcw up. when the two pro^E55ed exa^lv balance, there

ID NO NET ^HAN&E IN THE AMOUNT OF LIQUIP OR &AD. THE TWO STATED ARE

5AI7 TO BE IN EQUILIBRIUM, ANP WE WRITE

liquid vapor

/ N0THIN(5. APPEARS
/ TO BE HAPPENING,

\ BUT A<:TUALLy TWOV THIN<5.D are;

THE EXTRA PREDDURE PUE TO
VAPOR ALONE ID ^LLEP ITD

PARTIAL PRE4^URE/ AD

VAPOR BUILPD UP, ITD

partial PREDDURE RIDED

DTEAPILV CBI^&ER n, DAME V

anp t/; until equilibrium,

at equilibrium, thid partial

PREDDURE ID <:ALLEP THE

vapor
pressure.
ITD THE PREDDURE THE
VAPOR "WANTD" TO ATTAIN.

VAPOR PREDDURE (P^) RIDED WITH TEMPERATURE,

DIN<:E M0RE-A6ITATEP MOLE<iULED HAVE A 6REATER

"WEEP" TO VAPORIZE.

VAPOR PRE^^URE
OF WATER

rco



Py 15 THE PRC^^URC AT

WHI^M VAPOR "WAMT5"

TO STABILIZE. gUT

WHAT IF MO MATTER

HOW MU^H VAPOR THE

UIQUIP 5PEW5, IT5

PRE^^URE WEVER

REAiHE5 Py? IM THAT

a^E, VAPORIZATION

&0E5 LiM(:HE(:<EP, AMP

THE LIQUIP B0IL6.

WHETHER A UIQUIP gOIU5 PEPEMP5 OM
THE TOTAL PRE^^URE ABOVE THE

LIQUIP-THE EXTERMAL PRE6^URE.
auu IT p.

)

EC?LIILIBRIUM 15 P055IBUE WHEW VAPOR

PRE55URE P 1^ UE$5 THAN p. PE-

aU5E THEM Py aM A^TUAULV BE REA-

LIZE!? A5 A PARTIAL PRE55URE OF VAPOR.

•3

kA :^.. '^, ,^.

HERE HjO MOLEi;ULE5 ARE JU^T PART OF THE

AIR AMP HAPPIUy ^O!

IF P 15 LE55 THAN P^, THE PARTIAL PRE55URE

OF VAPOR MU5T AL50 BE LE55 THAN P^ , AMP

B0ILIN6 OCCW"?.

THAT 15, B0ILIM6. BE6IN5 PRE(:i5ELy

WHEN VAPOR PREf^URE EQUALS
EXTERNAL PRE^URE.
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THE T£/MpgRATURC AT WMI^H

A UIC?UIP B0IL5 15 ^LLEP IT5

boiling point
B0ILIW6. POIMT PCPEMP5 ON
gXTERNAU PRE55URE.

AT $EA UEVEU CPRE^^URE = 1 AT/V\;,

WATER B0IU5 AT 1^C>°C, BUT AT HI6H

AUTITUPE, WHERE AIR 15 THIM, BOILING

POINT ^N PROP BELOW 65°. IN THE

VACUUM OF 5PA<:E, water B0IU5 AT

AWy TEMPERATURE.

no



WE SUMMARIZE ALL THI5 WITH A LlQUlt?-6A5 MIMI-PIA(^RAyV\. THE HORIZONTAL

AXI5 15 TEMPERATURE; THE VERTI^L AXI5 15 PRE55URE-, AMP AT EA^H PAIR OF

VALUE5 (T.P) WE 5EE WHETHER A 5UB5TAN<:E 15 LIQUIP OR 6A5.

THE <:URVE BETWEEN THEM iWPI<:ATg5

THE BOILING POINT FOR ANY PRE55URE.

NOTE THAT PHA5E TRAN5ITION5 ^M RE-

SULT FROM iHAN&iM6 PRE55L)RE ALONE, OR
TEMPERATURE ALONE, OR A COMBINATION.

- eoiuM&

BOILING

THE CURVE HA5 IT5 LIMIT5. EVERV LIQUIP HA5 A CHARAaERI5TlC CR\T\CM TEM-

PERATURE, THE HI(S'HE5T AT WHICH THE LIQUIP 5TATE CAN EXI5T. APOVE THE

CRITICAL TEMPERATURE, NO AMOUNT OF PRE55URE CAN 5T0P THE LIQUIP FROM

BOILINfi' AWAy.

CRiriCM.

TEMPERATURE
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Melting Solids
IW THE OPEM AIR, MUV UIQUIP5 ^IMPLV EVAPORATE AWAV. 5IN^E THE VAPOR E^^PE^,
IT gUILP^ UP WO ^KS^MIFI^MT PRE5$URE ON THE ^URFA^E, AMP EVAPORATION
^ONTINUE^ INPEFINITEUy.

A^ :
..••

PARTIAL

PRE^^URE
1^ Py AT

^URFA^E,

BUT <Pv
HI6HER
UP, ^O...

MOLE-
iUUE^
KEEP
LEAVIN6.

IN 50LII7$, By <:0NTRA5T, VERY FEW PARTI<:LE$ HAVE EMOU&H EMER^-V TO E5^APE.

VAPOR PRE^^URE 1$ LOW-THOUGH WOT $0 LOW WE ^W'T ^MELL MAWV $0LIP5.

IW ^OME <:A5E^, vapor PRE^^URE 1$ VIRTUALLY WIL. PIAA\0WP5 ARE FOREVER/

WHO l<rN0W5?\
MAYBE IF WE WAIT "

L0W6 EWOUGH

TST

A$ WE ALL l<rWOW, 50LIP5

MELT*, ANt? THEY \?0 $0
AT A 5ET TEMPERATURE,

THE MELTIKK^ POIMT,
WHI^H VARIED FROM ^OLIP

TO 50LIP.

AT THI5 TEMPERATURE, AWY APPEP HEAT 15 EWTIRELY
(^OW^UMEP IW BREAKIW^ B0WP5 UWTIL THE 50LIP 15

<:0MPLETELY MELTEP. M£UTIM6, LIKE EVAPORA-
TION, 15 EMPOTHERMI^.

50LIP —* LIPUIP m > O

THI5 EWTHALPHY <:HAW&E 15 ^LLEP THE HEAT OF
FUSION. FOR I^E AT 5TP, IT'5 6.0\ \J/mo\.

*U5UALLy. iom Of rum 5UgUlME, or (,o 5trai6Mt to the 6a^ pha^e. more oh that ^woRTuy.
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EXTERNAU PRE^^URC AFFE^^ MEUTIM^

POINT-. IM TMI5 50UP-UQLIIP MINI-PIA6RAM

WITH P ANP T AXE5, THE ^URVE $HOW^
THE MEUTIW6. POINT FOR EA<:H VALUE

OF P.

FReCZINfr

MELTIMfir

MELTIN6 POINT

, ,y AT PRE^^URE P

IM A FEW WEIRP /MATERIALS, APPEP
PRE55URE AaUALUy PE(:REA^E5

yVIELTIM& POINT. WATER 15 ONE 5U<:H.

HI&HER P PROPU^E^
UOWER ME1.TIN6

POIWT

THE EFFE<:T 15 LE55 PRAMATI^ THAN WITH

B0ILIN6. POINT, HOWEVER, 50 THE MELTING

^URVE 15 U5UALLy PRETTY 5TEEP.

BI6 (^HAM^e IN P

PROPUiE^ REUTIVEUy
5MAUL iMAN&E IM

MELTING POIWT.

THAT'5 BE«U«E WATER EXPANP* WHEN
IT FREEZE*. THE «y5T*LUME «TRUaURE
OF I^E l« UNUWALLV 5PACIOII5.

UPUIP H,0

1

I^E

PRE55IN& ON AN I^E ^UBE

PL)T5 5TRAIN ON THE B0NP5

AMP PRIVE5 THE /V10LE^L)LE5

INTO A TIGHTER BUT MORE
RANPOM <:0NFI6L)RATI0N,

AMP THE I<:E A1ELT5 AT THE

POINT OF PRE55URE.

50, UNUKE M05T 50LIP5, I^E FL0AT5 ON IT5 LIQUIP

FORM... THE EXPAN5I0N OF FREEZING WATER Cm CR^CK

R0^K5... ANP THI5 OPP FEATURE HA5 A PROFOUNP
IMPACT ON THE WORLP AROUNP U5.

I<:E-5I<:ATIN& A5 it WOULP be if WATER FROZE LIKTE

A NORMAL 5UB5TAN<:E.
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Phase Diagrams
PUT OUR MIMI-PIAfi-RAM^ TOfi-ETHER ANP THCV 5H0W A ^OA/IPLETE FIGURE OF

THE THREE ^TATE5 OF MATTER IM TERM5 OF T AMP P. THE 50UIP-UIQUIP ^URVE

MEET5 THE LIQUIP-fi^A^ <:URVE AT A TRIPtE POINT WHERE AUL THREE PHA^E^

ARE IM EQUILIBRIUM.

CRIT\CM POIMT

MOTE THAT THERE ARE AU50 ^0MPITI0M5 WHEM A ^OUIP ^M ^HAM&E PIRE^LV

IMTO A 6>^$, A PR0<:E^5 ^UUEP 4UBtlMATI0N. THE REVERSE PRO^E55,

^p^^— ^oLip, 15 PEPO^ITIOM. THE BE5T-KN0WM EXAMPLE AT MORMAL PRE5-

5URE 15 CO^, "PRy I^E," THE 5TUFF U5EP IN THEATRICAL 5M0KE MACHIME5.

PHA5E PIA6.RAM FOR CO

^

gy THE WAy, THE VI^IPLE

"5M0K:g" 15 MOT 6A5EOU5 CO^,

BUT TIM/ WATER PR0PLET5 THAT
<:0MPEM5E FROM THE AIR WHEM

THEy MEET THE <:OLP 6A57

-76.5 -57
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A COUPLE Of OTHER PHA5E PIAfJ-RAM^ 5M0W 50/V1E MORE SUBTLE AMP UMU5UAL

FEATURED OF MATTER. HERE 15 ^ARBOM.

1000-1

-1 r

woo 1000 3000

TEMPERATURE, °K

T r
AOOO ''000

'^^"•^Jl^"

CARBON HA5 THREE ^LIP FORM^, WITH DIFFERENT iRy^TALLIWE 5TRUaURE$= GRAPH-

ITE, FOUMC IN ^OAL AMP PEWf^lL LEAP^, PIAMONP, WHI<:H 15 FORMEP OMLV UNPER HIGH-

PRE55URE iOWPITIOW5, AMP METALLIC, WHI^H EXI5T5 ONLV AT EXTREMELY HI6H PRE55URE.

MOTE HOW THE MEUTIWG ^URVE 5LOPE5 PIFFEREMTLX FOR EA^H TYPE OF ^RV^TAL.

1 1 r
2 ? 4

TEMPERATURE, °K

HEIIUM, UI&HTE5T OF
THE WOBUE ^'A^E^, HA5
EXTREMEUy WEAK IMF5.

AT 1 ATM, IT5 B0ILIM6

POINT 15 JU5T OVER 4°\C,

OR -269°C. THAr5
REALLy C01\>!!1

BELOW THAT TEMPERATURE IT 15 A UIQUIP... AMP BELOW 2.17°K-IT 15 ANOTHER KINP OF

LIQUIP.' THI5 HELIUM II 15 A "5UPERFLUIP" WITH WEIRP PR0PERTIE5. IT FL0W5 WITHOUT

VI5^05ITy (600PINE55;... IT WILL LEAK OUT THE TINIE5T PORE... IT WILL EVEN ^LIMB THE

CONTAINER WALL5.' 5EE http://cryowwwebber.qsfc.nasa.qov/introduction/liquicl_heliuTn.htTnl

FOR PETAIL5. HELIUM ^AN AL50 BE 50LIP, BUT ONLY AT PRE55URE5 ABOVE 25 ATM.
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Heating Curves
FiNALUy, UCT'5 RETURN TO THE HEAT5 OF FUSION AMP EVAPORATIOM, AMP $EE HOW
THEV PUAV OUT WHEM WE HEAT A dlOCK OF l<iE UNTIU IT /HELT^ AMP THEN BOIU^.

locf

-co

LET'J U5E

MliR0WAVE5
TO HEAT
THE WATER
UNIFORMiy.

UET'5 5UPP05E THE I^E'$ INITIAL TEM-

PERATURE 1^ -5°C. A^ WE APP HEAT,

TEMPERATURE RI$E5 TOWARP ^°^.

^w^^

AT THE MELTING POINT, TEMPERATURE
5TALL^ AT 0°, EVEN THOUGH WE KEEP
APPIN6 HEAT.

(]
lOO"

0"

^--'->

1/djO"

<AAA^

7'

ALL THE APPEP HEAT 6.0E5 INTO BREAK-

ING BONP^ WITHIN THE I^E <:Ry5TAL.

ONLy WHEN THE I^E 15 FULLy MELTEP
P0E5 TEMPERATURE RI5E A6.AIN.

/Ny\r^

/^^AA>

A
WIOO"

o

_ J; •

4f\AA

AT THE BOILING POINT, TEMPERATURE
AGAIN 5TALL5, A5 HEAT 15 TAKEN UP W
PHA5E CHANGE ALONE.

0N<:E the water 15 FULLy VAPORIZEP,

THE 5TEAM'5 TEMPERATURE RI5E5.
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THAT 5IX-PAMEU COWiC ^TRIP TRAN^UAT£5 IMTO TMI^ HEATIN6 CURVE
THAT PLOT^ TEMPERATURE A^AIN^T APPEP HEAT. T 5T0P^ RI5IW6. PURIW6 PHA^E

TRAN^ITIOM^.

wo-

vj

eOlLIKJ^

UIQUIP

MELTIW6

/^̂TEAM

MOTE HOW MU^H HEAT 60E5 INTO

B0IUIN6, VER^U5 THE HEAT THAT

RAI^E^ WATER'^ TEMPERATURE.

APPEP HEAT

THE ^?U\?\C HEAT OF WATER,

RE<:ALU, 1$ AROUNP 4.10 J/g°^ .

50 TO RAI5E THE TE/MPERATURE

OF ONE ^RAM OF UIQUIP WATER

gy 1d7£?° REQUIRED AM APPITIOM

OF ABOUT

= 410 Joules

gy ^OMTRA^T, AT If^d^'C THE HEAT

OF VAPORIZATION! OF WATER 15

about 41 kiu0j0ule5 per moue.

5in<:e a mole of water wei&h5

18 6RAM5, THi5 15

41 kJ/mol
= 2.20 W/q

10 q/mol

= 1y190 Joules/qram

THAR'5 J0UUE5
IW THEM THAR
HyPR06EN
B0MP5.'

f'iWOOl, AN'

I
I NEVER

1 TOU^H TH'

V 5TUFF.

IS IN OTHER W0RP5, IT TAKE5 ABOUT FIVE TIME4 A^ MU^H HEAT
TO BOIL WATER ^OMPLETELy AWAy A5 IT P0E5 TO HEAT IT ALL

THE WAy FROM 0° 10 \00°\\
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IM THI5 CHAPTER, WE
REVIEWEP THE THREE
5TATE5 OF /VIATTER,

WHAT H0UP5 THEM
TO($.ETHER AMP PULL5

THEM APART. WE AL50
LEARNEP THE &A5
UAW^, WHI^H EXPLAIN

EVER/THIN^^ FROM
^AUULATINIfi. ATOMIC

WEKS-HT^ TO RUNNING
REFRIGERATORS.

REFRIGERATORS?

\b

yes... QiGCTRiav/ prives a pump...

THE PUMP (:0MPRE5SCS A 6A5... THE
GAS (^OMPEMSES...

HEATS UP, gy

THE GAS LAWS...

PASSES THROUGH
^01 US... IS

<:OOUEP W
OUTSIPE AIR...

EXPANPS
RAPIPUy ANP
VAPORIZES... EN-

POTHERMiaiiy
PRAWS HEAT
FROM IWSIPE

THE... SAy... IS

THAT LEFTOVER
SAUAMI STILL

GOOP?

i

THERE EXISTS, BY THE WAV, A FOURTH STATE OF MATTER. AT VERV HIGH TEM-

PERATURE, ELE^RONS JUMP OFF THEIR NUCLEI-, ALL BONPS BREAK; AMP ALL

SUBSTANCES TURN INTO A HOT PARTICLE SOUP CALLEP PLASMA- LUCKILY,

THIS IS NOT SOMETHING CHEMISTS HAVE TO THINK ABOUT VERY OFTEN...
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Chapter 7

Solutions

WE'VE JU^T LOOKEP AT

5TATE5 OF MATTER OME

AT A TI/ME... MOW LET'5

COMBINE TWO OF THEM-
OR RATHER, UET'$ ^OAI-

BIME ^0/VlETMIM6., AMV-

THIN6', WITH A LIQUIP.

FOR IN^TAN^E: At7P A

PIN^H OF TABIE ^ALT

TO A FU5< OF WATER.

( AUAkTAZAM.' ALAKAZORIPE!

V PI5APPEAR '?0[?im!

\ PI^APPEAR ^HLORIPE!

THE 5AUT, OF iOUR5E, ^OMPLETELV VANI5HE5.

THE ^AUT, A^ WE ^AV, PI^60UVC6 IM THE WATER.
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WHEW A 5UB5TAW^E PI550LVE^ IM A UQVlP,

THE ^OMBIWATIOM 15 ^LLEP A 60tUTlON.
THE LIQUIP 15 THE 60tVEMT, ANP THE

PI550UVEP MATERIAL 15 THE ^OUUTC*

Solute + Solvent—
» Solution

A PI550UVEP ^OUIP FAUU5 APART INTO

IT5 INPIVIPUAU <:0N5TITUEMT PARTIC:UE5,

EITHER I0N5 OR M0LE^ULE5. (?A5E5 AL50

PI550LVE fAOiUVl^ BV MOUE<:ULE. THI5

EXPUAIM5 WMV 50UUTION5 ARE U^UAULV

TRAW5PARENT

5U6AR-^U<:R0^E, CjjH^^O,, -BREAKS INTO

WHOUE M0LE^ULE5. CWATER MOLE^ULE^

LIKE IT5 OH 6ROUP5.;

.^*

JV-'

.>
'9 V

-'^s ^^ \ ^Q^.*^
H"!

\

Vi O '^
/

' u
It

P'..

?"

FOR EXAMPLE, 50PIUM d;HLORIPE, HaCl,

PI550ilATE5 IN WATER INTO 5IN6LE

Na^ ANP a I0N5, WHI^H BINP WITH

THE WATER M0LE^ULE5.

'^!^ 'a O- O Oo^--/<

VINE6AR,



UET'5 iOOK MORE ClOi>9iy AT THE PI^^OLVIN^ PR0<:E5^. IMAGINE A CWHK OF

/MATERIAL IMMER^EP IM LIQUIP. IM ORPER TO PI^^OUVE, ^0/ME OF IT5 PARTI^LE^

MU5T BREAK THE POMP^ THAT HOLP THEM TOGETHER AMP FORM NEW B0MP5 WITH

MOLE^ULE^ OF UIG?UIP. ^IMIUARUV, IMF5 WITHIW THE LI<?UIP MU^T AL^O BE OVER<:OME.

L

''^^ ftv<^^ V^J^-^ ^ ^ X •

EA^H FREE SOLUTE PARTI^UE ATTRAa^ ONE OR MORE

M0LE(:ULE5 OF SOLVENT, WHI<:H ^LU^TER AROUNP IT

IN A SOLVENT YA^-E." THI5 PR0^E^5 OF BREAKING

ANP FORMING B0NP5 1$ ^LLEP 60tVATI0M.

ALU THI5 BONP REARRANGING
MEAN^ THAT PI440UVIM6 15

A cu^mcM REArrioM.
AMONG OTHER THINGS, THEN,

IT HA5 AN A550(:iATEP ENTHAL-

py CHANGE, whi<:h mav be

POSITIVE OR NEGATIVE.

?it

FOR EXAMPLE, WHEN MAGNESIUM

(^HLORIPE, MqClj, PI^^OLVE^ IN

WATER, IT HA5 AN ENTHALP/

OF SOLVATION

AW = 119 kJ/mol

HIGHLy ENPOTHERMIi! A MERE

4q OF H^qa^ (= .C42Tnol} IN

$^mL(= 5C>q) OF WATER

PROP^ THE WATER'$ TEMPERA-

TURE By 2^.9°C (9y THE BA^I^

aLORiMETRy equation;.

^HEMiaL <:oLP pa<:k5 are in fa<:t mape from
MqClj AMP OTHER 5ALT5 THAT ABSORB HEAT

WHEN PI$50LVEP IN WATER.
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^OME UQVIQ MIXTURES ARE MOT $0LUTI0N5:

WHEN I ^TIR POWPEREP IMIK IMTO

WATER, THE 50LIP PARTI^UE^ REMAIN

IN VERy UAR6E ClVfJ\P^ Of MOLE^ULE^.

A MIXTURE LKE MIL< 1^ aiLEP A

^U^PCM^ION, ANP 5U5PEN5ION5

ARE OPAQUE.

ANOTHER EXAMPLE WOULP BE PAINT,

IN WHI^H FiGai> OF PIGMENT ARE

^U^PENPEP IN OIL OR ^OME 6EL-

LIKE MEPIUM.

AN EMULSION 15 A 5U5PEN5ION OF ONE LIQUIP IN ANOTHER. MAYONNAISE,

FOR EXAMPLE, MAINLV ^0N5I5T5 OF TINV PROPLETS OF OIL 5U5PENPEP IN

VINEfS'AR. ORPIMARILy, OIL ANP VINEGAR WOULP SEPARATE, gUT THE APPITION OF

A SMALL AMOUNT OF MUSTARP ANP E&fi- VOLK STABILIZES THE EMULSION.

L0N6. AlOLE^ULES FROM THE VOLK BURROW

INTO OIL PROPLETS. A POLAR "TAIL"

STICKS OUT ANP ATTRACTS THE POLAR

WATER MOLECULES IN VINE6.AR, WHI^H

BLO^IC THE PROPLETS FROM MER^IN^'.

FROM NOW ON, WE CONCENTRATE ON SOLUTIONS.

1?2



Concentration
15 A MEASURE OF HOW fA\)CW 50LUTE 15

PRE5EMT IM A 50UUTI0N RELATIVE TO THE

WHOLE.

FOR EXAMPLE, WEI6H OUT 35 q OF NaCl.

PUT IT IW A ^RAPUATEP CONTAINER AMP
APP WATER UMTIL THERE 15 OWE LITER

OF SOLUTION.

THE ^0M<:EMTRATI0M OF THI5 50LUTI0W

15 ?5 q/U ANP /MEA5URE5 MA4^ OF
SOLUTE PER \IOU)H<^ Of
60UUTI0N.

OTHER P055IBLE /\1EA5URE5 CALL U5EP.'>.

MA55 OF 50LUTE PER /V1A55 OF 50LUTI0W

VOLUME OF 50LUTE PER VOLUME OF 50LUTI0N

MA55 OF 50LUTE PER VOLUME OF 50LVEMT

CNOT THE 5AME THIM6 A5 VOLUME OF 50LUTI0N,';

MA55 OF 50LUTE PER MA55 OF 50LVENT

PART5 PER MILLION CPPM)

CA MA55-PER-MA55 RATIO OF VERV PI LUTE 50LUTIOM5;

PART5 PER BILLION CPPB, EVEN MORE PILUTE;

WHEN THE 50LVENT 15 WATER, WE ^N
EA5ILy CONVERT FROM A MA55-VOLUME

RATIO TO A MA55-MA55 RATIO, BEaU5E

ONE UITER OF WATER WEI6H4
ONE KILOGRAM. A liter of verv

PILUTE AQUE0U5 50LUTI0N, OF <:0UR5E,

WEI&H5 THE 5AME.
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OUR FAVORITE MEASURE OF
^OM^ENTRATION AaUALLV

TELL^ you HOW MANX fAOl-

E^ULE^ ARE PI^^OUVEP RELA-

TIVE TO V0LU/v\E. MOUARITy,
OR MOUAR ^0Wd:EN4TRATI0N,

15 THE NU/MBER OF M0UE5 OF

50LUTE PER LITER OF SOLU-

TION. WE WRITE

M = A10LE5/LITER.

SORRy, ir5^--N
MOUARITY, NOT

J
MORAtlTy.^/V

WMAT'^ THE MOLARITY OF OUR 35 g/U
5ALT SOLUTION? ONE MOLE OF UaC\

WEI6HS 50.4 q, SO WE HAVE

35 q

50.4 q/mol
= £?.6 mol Waa

IN A LITER OF SOLUTION. THE MOLARITY

IS 0.6 M.

WE USE SQUARE BRA^<CTS, [ ], TO
PCNOTE MOLAR CONCENTRATION OF

ANY "SPECIES" CI.E., ANY PARTICULAR

MOLECULE OR ION; IN SOLUTION.

HERE. SINCE Na^l DISSOCIATES

COMPLETELy IN SOLUTION,

[Ma^] = Om

IN A 1 M SOLUTION OF Ma^^O^

,

WHICH ALSO FULLy DISSOCIATES,

[50/-] = 1 M

THERE ARE TWO MOLES OF Ma"" FOR

EACH MOLE OF Ha^^O^.

%^^~
I J -v
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Solubility
AMy ^UB^TAN^E WILL PI^^OLVE IN AMY LIQUIP-TO "pOm PE6RE£, THOUGH IT

MAV BE VERy ^MAUU IMPEEP. FOR IM^TAM^E, NO MORE THAN .00000b o, OF

ELEMENTAL MER^^URy (Hq) WILL PI^50LVE IN A LITER OF WATER AT ROOM

TEMPERATURE. A MOLE OF Mq WEIfi-H^ WO.b q...

BUT EVEN WHEN A 5UB5TAN<iE 1^ HK^HLy SOLUBLE, THERE 15 ALWAy^ A LIMIT/

you ^AN THROW ONLy 50 MU^H 5ALT INTO WATER BEFORE IT 5TART5 PILIN6.

UP ON THE BOTTOM, UNPI550LVEP.

ANP NOW IT

REAULy TA^TE^

HORRI^UE.

y^

THI5 LIMIT, A 5UB5TAN^E'5

MAXIMUM P055IBLE CONCEN-

TRATION, 15 CALLEP IT5

^OtUBIHTY. A MAXiMALLy

CONCENTRATE? SOLUTION 15

CALLEP SATURATED.

WE 5Ay A MATERIAL 15 50LUBLE IF IT PI550LVE5 TO AN "APPRECIABLE" PEfi^REE,

ANP IN50LUBLE IF NOT-A FUZZy CONCEPT, CLEARLy.

THE EQUIVALENT

WORP FOR LIQUIP-

LIQUIP INTERACTION

15 MI^^IBIHTY:
TWO LIQUIP5 ARE

MI5CIBLE IF THEy

PI550LVE IN ONE
ANOTHER ANP
IMMI5CIBLE IF, LIKE

OIL ANP WATER,

THEy 5EPARATE.

rr

OIL

WATER

IMMI5ClgLC

FOOP
COLOR!W&

MI^CIBLE
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AFFE^TIKK^ J
50UUBIUITy|)

tlKC TCNP^ TO PI660LVC LIKE. A polar ^ouvemt C5U<:h A5 water;

TEMP5 TO PI^^OUVE (:0R MIX WITH) OTHER POLAR ^0MP0UMP5. HERE PIPOLE-

PIPOLE OR PIPOLE-IOM ATTRA^IOM^ PRIVE SOLVATION. FOR IN^TAN^E:

METHANOL, ^H,OH, i5 pour m? form^

A MyPR06EW BONP WITH WATER, WITH

WHI^H IT WILL MIX IW AN/ AMOUNT.

D'

(

(

o-

IT^ ^0U5IN MCTHAME, <:H4, 15 UTTERLV
^XMMETRI^L ANP WOWPOLAR. WATER
5HUW5 IT, AWP IT$ 50LLlBILITy 15 VERY
LOW C^.£?24 q/L OR C'.^?^!? M).

r
.z:^

c>

fl JU5T POW'T FIWP

I IT ATTRACTIVE IN

\- THE LEA5T..

z^y

Blfi', HEAVy M0LE<:ULE5

TEMP TO BE LE55

SOLUBLE THAN 5MALL,

LI6HT 0ME5. SOLVENT
MOLECULES FINP IT

HARP TO YA6E" Bl^'

parti<:le5.

P..

'/' r
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TEMPERATURE
AL50 AFFE<:T5

50LUBILITy. A5

TEMPERATURE RI^E5,

A6ITATEP M0LE^ULE5

OR lOM^ break: their

B0NP5 MORE EA^ILy,

$0 50UUglUITy

USUALLY fi-OE^ UP.

ex<:eption5 exi^t,

however, anp the

EFFEa 15 50ME-

TIME5 ^UI&HT.
20 40 AC St' ^00

TEMPERATURE CC)

FOR PI550UVEP

^-A^E^, PRE55URE

AFFEa^ 50LUBIL-

ITy. TO BE PRE<:i5E,

THE PARTIAL
PRE54URE OF A

fi'A^ ABOVE THE

50UUTI0W AFFEa^
THE AMOUNT OF
6A5 THAT WIUU PI5-

$OLVE. THE HIGHER

THE PARTIAL

PRE55URE, THE
^-REATER THE
(S'A^''^ 50UUBIUITy.

U-S
O oO
. • o •

LOWER PRE55URE

LOWER ^ON^ENTRATIOM
HI&HER PRE^5URE

HI6HER <:OW^EWTRATIOM

ANP TMi5 15

5UPP05EP TO
BE A fi-OOP

THIM(5....

50FT priwk:5, WHI^H ^^ONTAIN

PI550LVEP CO^, ARE BOTTLEP

AT HI6H PRE55URE TO IW^REA5E

THE AMOUMT OF I7I550LVEP fi^A^.

WHEN THE ^AP 15 REMOVED,

PRE55URE EA5E5, ANP CO^

FIZZE5 OUT OF SOLUTION.
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Freezing

6CwgRAUuy ^peakim^,

PI5$OLV£7 MATERIAL

L0WER5 THE FREEZING

POINT. SOLUTE PARTI^LE5

PI5RUPT THE NORMAL
^OHE^IVE F0R<iE5

WITHIM THE SOLVENT,
MAKIW6 IT HARPER FOR
THE SOLUTION! TO
50LIPIFy. THE HI($.HER

THE <iON<:ENTRATIOM,

THE LOWER THE
FREEZING POINT.

FOR EXAMPLE, IN AN I^E

(iREAM MAI<rER, A gU^<ET OF
^REAM, PI550LVEP Wl^^R,

ANP FUVOR 15 6URROLINI7EP

gy I^E, WHI<iH MAy BE AT
-3° TO -'?°C.

WHEN $ALT 15 APPEP. THE
I<:E MELT5. THE BELOW-
ZERO 5ALT WATER NOW
MAKE5 com^cr with the
full 5urfa^e of the
bu<:ket.

/=v=^

NOW THE ^REAM <:AN BE

RAPIPLy (iOOLEP BELOW
OX. LIQUIP WATER AL50
HA5 A HIGHER HEAT
aPA<:iTy than i^e, anp 5o
^00L5 MORE EFFl(ilENTLy.

^^
i<:e ^ream

I^E TOUCWQi> THE ^REAM <:ONTAINER

IN ONLy A FEW PLA^E5.
EFFICIENT HEAT TRANSFER

l<iE <:REAM RARELy FREEZES TOTALLy. A5

THE LIC?UIP FREEZES, •5U6AR BE(iOME5

MORE <:on<:entratep in the remaining

^yRUP, 50 IT5 FREEZIN6' POINT PR0P5

EVEN LOWER, ANP 50ME OF IT REMAIN5

UNFROZEN. THAT'^ WHy I<:E ^REAM 15

U5UALLy 50FT.
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Boiling

MATERIAL UP5



So What!
AM momOV6> AMOUMT
OF FA/VIIUIAR ANP
IMPORTANT cummRv
HAPP£M^ IN SOLUTION:

^OOKIN^, BREWING,

FERMENTATION,

PI6E5TION, gi^CTRlC

BATTERy POWER,

MEPI^INE, ET^HINg. OF
METAL ANP U^^^,
LAUNPRy ANP OTHER
WA5HIN&, BLOOP
CUmi^TRV, TOOTH
PEay, auifiavoH
OF PIPE5, A^IP RAIN,

OIL REFININ6, WATER
PURI FICTION, d:ELLULAR

METABOLI5M-JU5T TO
NAME A FEW/

MU<:H of the RE5T OF THI5 300K WILL BE AN ATTEMPT TO UNt7ER5TAN7
^VCU PRO^E55E5 IN MORE PETAIL. WE BE6IN By LOOICIN& AT WHy ^OME
REAaiON^ ^O FA5T, WHILE OTHERS 6^0 5L0W...
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Chapter 8

Reaction Rate and
Equilibrium

IN ^HEMI^TRV, WE aRE ABOUT NOT Ot^lV WHAT REA^^, BUT AU50 HOW
FA^T. BUA^< POWPER EXPL0PE5 IM A FLA5H, WHILE THE 5U6AR IM VOUR

COFFEE NEVER ^EEM^ TO (7I5^0LVE FA^T ENOUfi-H. WE TRV TO 5PEEP UP

ENVIRONMENTAL CLEANUP ANP RETARP RU5T ANP A&INfir. IN OTHER W0RP5,

RATE6 MATTER/

"AT FIR5T 5I&HT NOTHING 5£EM$ MORE 0BVI0U5 THAN THAT gVERVTHIN^ HA5 A

Bg^lNNIN^ ANP AN ENP."

-e-VANTE ARRHENIU^, 19£?? NOBCL PRIZE WINNER IN <iHEMI^TRy
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WHAT''^ THE RATE OF A C[\miCM

iA^E OF OWLV OWE REA^TANT:

A -^ PROPUa^

HERE THE RCAmoN RATE
r^ 15 THE RATE AT WHI^H

REA^TAMT A (^ U5EP UP OVER

TIME. IT MAy BE EXPRE55EP IM

M0LE5 PER ^E^OMP.

IF A 15 IN 50LUTI0M, r^

U^UALLV REFER5 TO THE RATE

AT WHI^H <:OM^EMTRATIOM [A]

^HAM6E5, IN M0LE5 PER LITER

PER $UOW, ANP IF A 15 A

&A5, r^ MAV REFER EITHER TO
iOM^ENTRATION OR PARTIAL

PRE55URE Pa, WHI^H AAIOUNT

TO THE 5AME THIN^-.

REACTION? WE BE<^IN WITH THE ULTRA-5IMPLE

^, 4WELL, THI5 ALL

5EEM5 RATHER ) R\

FOR EXAMPLE, IN THE LOWER ATMOSPHERE, SUNLIg'HT FALLING ON NITROfi^EN

PIOXIPE, NO2, aU5E5 IT TO BREAK INTO NITRIC OXIPE, NO, ANP A L005E

OXy^EN ATOM CCMLQP A FREE RAPiaL>.

MO2 ^ HO +

CTHE FREE OXy&EN &0E5 ON TO BINP WITH 0^ TO FORM OZONE, 0,. OZONE

ANP THE NITROfi'EN 0XIPE5 ARE AM0N6 OUR NA5TIER AIR POLLUTANTS.;

142



AT MIPPAV, NO2 MAKE5 UP ABOUT 2^ PART5 PER BILLION OF THE AIR-2£' MOL

OF NO2 PER BILLIOM MOL OF AIR-OR W MOL OF NO^ IN 24.4 X 1^' L OF AIR

(AT VJ°0. ^O MOLAR iON<iENTRATION 1$ [NO^] = 2^/(24.4 X If?') - 0.2 X 1^?'^

MOL/L. LET'^ TAKE AN AIR ^AAIPLE, ANP MEASURE [NO^] EVERV AO 5E^ONt75 A5

IT PE^OA^P05E5. WE WRITE [A], FOR THE (iON<:ENTRATION OF NO^ AT TIME t.

t [A],

c^u.') cx 1£?-'^mol/l;



A SIMPLE novel ucovtm for thi« behavior, 5tart with a bi& suwh of
UOliCVlSi OF REA^TANT A, ANP IMA6INE THAT EVERV MOLECULE HA* THE
«A«E PROBABILITy OF PE(:o«PO«IW&. THEN A FIXEP FRACTIOW OF THE WHOLE
WILL REACT IN EACH UNIT OF TIME.

O
oo'

oo o •
Oo

O :

OO
• o
o i

o o

p
oo
o
o

O OqO

o o o
t=1 t = 2 t=? t^A

IN OTHER W0RP5, THE REACTION RATE (TKiUAIBER OF M0LE5 OR MOL/U
PE^OMPO^IM^' PER UNIT TIME} 15 PROPORTIONAL TO THE QUANTITY OF
REA^TANT present (:nu/viber of aiole5 or /aoi/i). 50 we ^n write a

^E^ONP formula for THE REACTION RATE: AT ANY (&IVEN TIME,

»A = - k[A]
k 15 A ^0N5TANT <:ALLEP THE RATE ^ON^TANT. BV <:ONVENTION. k 15

ALWAYS A POSITIVE NUMBER, 50 THE MINU5 5I6.N 15 NE^E55ARy TO MAKE
r NEGATIVE, MEANING [A] 15 PE(:REA5IN6.
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MOTE-. MATH-AVCR^E REAPERS MAV 5KIP THI^ PA^S^E. OTHERWISE, KEEP REAPING.

WE cm EVALUATE k FROM THE PATA.

$TART WITH THE FIR^T EC?UATIOM

[A] PE^RgA^E^ EXPONEMTIAUUy
CA^ THE EXPONENT OF 2 IN THI^ EQUA-

TION;. IN PARTI<:ULAR, [A] MEVCR
REA^HE^ ZERO. THEORETiaULV,

THE REACTION NEVER ENP5.'

2h ?h 4h TIME

h 1^ AM AWKWARP TIME UNIT-IT VARIED FROM ONE REACTION TO ANOTHER. WE WANT

A FIXEP UNIT OF TIME, t (fPAV^, 5E^ONP5, WHATEVER'5 APPROPRIATE;. THEN

t = r\h, or r\ = t/h

ANP WE cm WRITE

[A], = T^'\h-\a

TAKIN6 THE NATURAL VOb OF BOTH 5IPE5,

If^ [Alt = ^0n2)t + la[A]£,

$ETTIN6 k = (1/h; ln2, WE FIMP-.

la [A]^ = -kt + ln[A]^

THAT 15, THE PLOT OF la[A]t A(5.AIN5T t 15 A ^TRAI6HT LINE WITH 5L0PE -k.

ONE cm 5H0W CU^IN^. CkU\}VO'>) THAT THI5 15 THE 5AME k A5 IN r^ = -k[A]. IN

OUR NO2 EXAMPLE, THEN,

k = (.\/90 5E^;Clrx 2) = (.y/90 ^UXo.(>9^) = C'.^^ST 5E<:'^ THAT 15,

^.07% OF THE NO^ 6A6 1^ ^OM^UMEP EVERY ^E^ONP.

A REACTION WITH r = -k[A] 15 <:ALLEP A

FIR4T-0RPER REAmON: it (5.0E5 A5

THE FIR5T POWER OF A 5IN($.LE CONCENTRA-

TION, you CAN CHECK EXPERIMENTALLV IF

A REACTION 15 FIR5T-0RPER BY 6RAPHIM6

lr[A]t A6.AIN5T t AMP 5EEIN& IF IT'5 A

5TRAI6.HT LINE. IF 50, THE RATE C0N5TAMT

15 THE MEfS'ATIVE OF THE 5L0PE.



Collision Course
HOW ABOUT A ^E^OWP-ORPCR
REA^IOM? THAT MI&HT L00< UKE

A + B PROPU^T^

HERE r^ = rg BE^U^E THE REACTION!

REMOVED M0LE<:ULE5 OF A AWP B

TO^-ETHER IM PAIR5. THE REACTION

RATE r 1$ THEN TAKEM TO BE

r = r» = r,B

TO ANALyzE r, THE FIR5T THIN6- WE MOTIVE 15 THAT TWO M0LE<:UUE5 ^M
COMBINE ONUy IF THEV FIR5T C0Ll\V9.

/wELuT^
I PUH,' P—

THI5 BRILLIANT OBSERVATION 15 THE START OF ^OtH4lON THEORY.

how often po
parti<:le5 ^ollipe? it

pepenps on their

concentration cor

PARTIAL pressure;.
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IMA^-INE THAT A VOUUME OF (5.A5 OR SOLU-

TION 15 PIVIPEP IWTO ^OUNTLE55 TlWy <:0M-

PART/MENT5. IF TWO PARTK^UES SHARE A

^OMPARTAIEMT, WE'LL ^LL THAT A

COLLISION.

IF [B] IS <:0N5TAWT, THEM ^HAN6IM&

[A] iHAM6.ES THE MUMBER OF A-B

<:OLLISIOMS PROPORTIOMALLy. CHERE A
ARE BLA<iK: AMP g ARE WHITE.}



Example



Reactions Up Close
WHV ARE 50ME COlll^lOU^ EFFECTIVE, ANt? 50ME ARE NOT?

OWE REASON 15 PARTI^UE^'

RELATIVE ORIENTATION.
TWO MOLE^ULE^ MAV

MEEP TO PRESENT A

CERTAIN "FA^E" TO EA^H

OTHER BEFORE THEV ^AN

^0/VIBIME. FOR EXAMPLE,

WHEN A HKS-HLy POLAR

MOLECULE OF HCl MEET5

ETHENE, CW^CW^., A LOT OF

AN6.LE5 PONT WORK.

- •• -.^ NOPE.'

BUT WHEN THE POSITIVE POLE OF HCl MEET5 CW^CW^"? VERV NEGATIVE POUBLE

B0N17, ELE^RON^ 5HIFT-FIR5T ONE 6.0E5 TO HVPRO^EN ClT'5 ^L05ER;.

ANP THEN ONE 60E5 TO <:HL0RINE. THE RESULT 15

^HUOROeTHANE, A topi<:al ane5THETI<:.

^hloroethane

THE INTER/MEPIATE

5TATC, BEFORE THE
^HLORIME 1$ BONPEP, 15

iALLEP A TRANSITION!
STATE. HERE THE
TRANSITION 5TATE

APPEARS ONLV WHEN
THE REA<:TANT

M0LE<iULE5 ARE
ORIENTEP PROPERLV.
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ANOTHER FAaOR AFFCaiN^
WHETHER COlU^\0^i> LEAP TO
REA^TION^ \$ HOW FA5T THE

PARTI^LE5 ARE MOVING.

WHEN FLVIN^ W^ ANP 0^ 6A$

fAOl£6Ul9^ COIUQQ, FOR IN5TAN^E,

THEIR NEfi-ATIVELV ^HAR^-EP ELEC-

TRON <:loup5 repel ea<:h other
ANP A^UALLV BECOME PI5T0RTEP.

IF THE KINETIC ENER^V OF THE
COLLISION 15 TOO LOW, THE MOL-

ECULES SIMPLV BOUNCE AWAV.

BUT IF INITIAL K.E. 15 HI6H ENOU&H
TO OVERCOME ELECTRIC REPUL5I0N,

THIN&5 CAN BREAK APART

IF A FREE MEETS AN H^, ELECTRIC

REPULSION A6AIM PEFORMS THE ELEC-

TRON CLOUPS.

IF THE ^OLLI^ION ENER^y is suffi-

cient, ELECTRONS ARE REARRAN6EP, A

WATER MOLECULE FORMS, ANP ENER^V
ESCAPES CTHE REACTION IS EXOTHERMIC;.

RAPIATION

yV-N,/^^/N-^ ';

H^ + O H^O LH <0

15d?



^0-TME 6A5 MIXTURE NEEP5 50/VlE EXTRA EWER^V TO 6.ET THE REAaiOM

^TARTEP: A 5PARK OR A FLAME, ^AV, TO ENER&IZE ^OME PARTI^LE^.

BUT ON^E IT ^TART5, H^ + - H^O 15 50 EXOTHERMIC THAT IT EX^ITE5

THE PARTIiUE5 AROUNP IT, AMP THE WHOUE REAaiON RU5HE5 FORWARP WITH

A 5UPPEN, LOUP-

THI5 15 OME REA50M WHV ^HEMI5T5 ARE ALWAy5 HEATIM& THIM&5... WE HAVE

TO 5UPPLy THAT IMITIAL ENER&y <\CK TO 6.ET REA^TI0N5 "OVER THE HUMP"

50RRy. you HAVE
TO WAIT UNTIL

CHAPTER 10 FOR
THE AM5WER TO

THAT ONE!
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NCARUy EV£Ry COMBINATION REACTION W0R<5 THE 5AME WAV-- IT NEEP5 AN

APPEP ENER^y PU^H TO BRIN6 THE REACTANT^ TOGETHER. THI5 B005T 1$

CAUUEP THE ArriVATION gNER^y OF THE REACTION, E^. IN OTHER WORP^.

CHEMICAL REACTIONS ARE NOT JU5T LIKE FALLING POWNHILL/

FALLING POWNHILL CHEMICAL REACTION

THE OBVIOUS WAV TO &ET A REACTION MOVING FA5TER, THEN, 1^ TO MAKE

MORE OF THE PARTICLES EXCEEP THE ACTIVATION ENERfi^y-IN OTHER WORP^,

By RAI^IN6 TEMPERATURE, then a hks^her fraction of colli5ion5

WILL BE EFFECTIVE.

LOWER T 6VRVQ
THI5 6RAPH ^HOW^ THE ENERf^V PI5TRI-

BUTION OF A &ROLIP OF PARTI^LE^ AT

TWO PIFFERENT TE/V\PERATURE5. AT HIGHER

TEMPERATURE, A GREATER PROPORTION OF

PARTIiLE5 (MEA^UREP BV THE AREA UNPER

THE ^urve; have KC > Ea
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Catalysts, or Raising K
YOU'RE PROBABLy NOT
5URPRI5CP TO HEAR THAT

RAI^IN6 TEMPERATURE

A^^ELERATE^ REAaiON5.*

AFTER ALL, WE'VE ALU

5EEN IMAfi-E^ OF ^HEM-

I5T5 ^00<IN6' THIN6.5 UP

MAyBE WE'VE EVEM

TURNEP UP THE FLAME A

FEW TIME5 OUR5ELVE5.

NOW, HOWEVER, WE ^N BE MORE PRE^I^E. '^IN^E r = -k[A][B] FOR OUR

5E^0NP-0RPER REAaiON, WE ^N 5Ay THAT BOO^TIN^- TEMPERATURE RAI^E5 k,

THE REAaiON ^ON^TANT

ARE THERE OTHER WAy^

TO RAI^E k? BA5EP ON
THE PRE^EPIN^ Pl^-

CU^^IOK WE MI6.HT

W0Nt7ER IF IT'5 P05-

5IBLE TO REPUTE A

REA^TANT'^ UNFAVOR-

ABLE ORIENTATIONS,

OR LOWER THE A^l-

VATION ENER6.y. THI5

15 WHERE ^ATAty^T^
^OME IN.

®^^^

*WITHIN LIMITS. WHEN T RI^E5 TOO HI6H, gVER>TMIM6. ^HAKE5 APART, ANP THE REA^CTION 1$ PI5RUPTEP.

15?



A ^ATALV^T 15 A 5Ug5TAM<:E THAT 5PEEP5 UP A REAaiOM BUT ITSELF EMER6E5

FROM THE REAaiOW UN<:HAN6EP.

FOR EXAMPUE, THE ^ATAUVTI^

^OMVCRTOR IN A ^AR EM6INE

5PEEP5 THE PETOXI FIXATION! OF

EXHAU5T 6A5E5. ONE 5U^H REAC-

TION BREAKS CMi>TlC NITRI<:

OXIPE TO N, ANP 0,'2-

2N0 ^ M2 + Oj

IN THE <:ONVERTOR CHAMBER,

PLATINUM, RHOPIUM, ANP PAUUA-

PIUM 5CREEN5 BINP TO THE ^A^

M0LECULE5 VIA VARIOUS IMF^.

r?
<9
<>>

THE CATALy^T BOTH AUKS-N^ THE MO MOLECULES FAVORABLV ANP CUT$

ACTIVATION ENERfi-y By PUUUINfi' A6AIN5T THE NJ-0 BONP-PROBABiy.
THE EXACT MECHANISM 15 UNKNOWN.

CATAUy5T5 AL50 PROBABUy ENABLEP THE ORIGIN OF LIFE. THE CHEMICAL5

OF LIFE COR PRE-LIFE; WERE TOO Blfi- ANP UN^AINLy TO MAKE PROfi-RE^^ By

RANPOM COMBINATION... BUT IF CA^ 5EVERAL THEORIES ^Ufi'^'E^T} THEy WERE

ANCHOREP AT ONE ENP TO A CHAR6.EP 5URFACE, 5UCH A5 CLAy ON THE OCEAN

FLOOR, THEy WOULP BE MUCH MORE LIKELy TO EN^Afi-E IN "fiOOP" REACTION^/
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Higher-order Reactions, Maybe

WE 5AW THAT

A + B — PROWCT^

15 A ^E^ONP-ORPER REAaiOM
WITH RATE r = -k[A][B]. THI5,

gy THE WAY, IM^UUPE5 THE ^PE^IAU

a^E WHEM A ANP B ARE
THE 6AME. THE REALIGN

A + A — ?ROWCT$

HA5 A RATE -k[A]^.

MOW WE WOUUP LOVE TO EXTENP THI5 TO MORE COMPLEX REA^TI0M5. WE
MI&HT HOPE, FOR EXAMPLE, THAT RATE UAW5 WOUUP BE ANAU060U5-.

2A + B — PROPUa^ r = -k[A]^[B] CTHIRP ORPER;

2A + ?B — PR0PU<iT5 r = -k[A]^[B]^ (fFlFTH ORPER;

ANP ^ENERAULV

aA + bB ^ PR0PU(iT5 r = -k[A]'^[B]'' CORPER a + b}

O^WE WOUUP LOVE TO
^AV IT REAPER, BUT

UWFORTUWATEUy WE
CmX BE^U^E IT'$

false.
RATE5 OF REAL-LIFE

REA^ION^ aW'T BE

PREPiaEP FROM
THEORy, BUT MU^T
BE MEASURED
EXPERlMEMTAlty.

'WE HAVE TO BE A LITTLE CAREFUL ABOUT WHAT WE MEAN BV r. IT'5 THE RATE AT WHICH aA + bB 15

COKi^UMEP. THAT 15, r = 0/a)r^ = O/Wrg.
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IM FA^T, EVEN THE REACTION CA + B ^ PROWCT^) ^OMETIME^ P0E5NT gEHAVE A5 WE

(^LAIMEP. yE5, REAPER. fAVCU OF THE FIR5T HALF OF THI^ (CHAPTER 1^ ^IMPLX UNTRUE.'

/USEFUL? ^ERTAIWiy/

( COUCQFTVMiy VAUIP?y <,
^'—r ^ORT OF..,

/^ gUT 3^ .

^^:^ ( TRUE? / V^

WE ^OVERTLX MAPE A ^IMPLlFVIN^
A6^UMPTI0N, you 5EE, gy m(^\-

WIM6 THAT REAaiON^ HAPPEM IW A

BUT IN REALITy THEy OFTEN TAKE SEVERAL

$TEP5 TO <:0A1PLETE... 50RRy.'

FOR IN^TAN^E, WHEN WE WRITE 2A + B, ARE WE
REALUy TO IMA^S'INE THREE PARTI^UE5 ^OULIPIN^

AT ON^E? NOT LIKEUy... MORE PROBABUy, A MEET$

B TO FORM AB, THEN ANOTHER A <^0ME5 ALON^-...

0NE-5TEP REAaiON5 ARE

auLEP EtEMEMTARy...
ANP IT V? TRUE THAT AN

EUEMENTARy REA<:TI0N

aA + bB — PR0I7U<:T5

HA5 A REACTION RATE OF

r = -kCArCB]''.
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IN A MULTI-5TEP

REAaiOM, IWTER-

MEPIATE ^TEP5 ARE

OFTEN UN<:UEAR...

THIN&$ &0 gy TOO
FA^T TO Og^ERVE.

gUT THI5 MU<:H 15

TRUE: THE 5LOWC6T
IMTERMCPIATE
R£An"IOM RATE
PETER/HINE5 THE
OVERALU RATE.

TO 5EE THI5, IMAGINE A WA^HER-PRVER COWiO THAT
PR0<:E55E$ a LOAP of PIRTY ClOTUG^ IN EXA<:TUy 24
H0UR4. LET'5 LIFT THE UIP ANP 5EE HOW IT W0RK5...

^T:

WA^HINfi-, IT 5EE/V15, 15 PONE MANUAULV BV ILU-TRAINEP, UN<:OOPERATIVE WEA5EU5

WHO TAICE 2^.999 H0UR5 to PO a UOAP. the PRVER 15 A NUCLEAR BLA5T

FURNACE THAT <:RI5P5 VOUR <:U0THE5 IN A A1ILLI5E^ONP.

MOW 15 IT iLEAR

THAT THE OVERALL
RATE 15 THE RATE

OF THE 5LOWE5T
5TEP? WHEN THE
WEA5EL5 ARE PONE,

THE "REA<:TI0N" 15

ALL BUT over;

Mm\ai EXAMPLE-. lOPIPE ION

REPU^E5 PER0Xypl5ULFATE

5^0/-+ 21-— 250/- +I2

look:5 thirp-orper, but

EXPERIMENT 5Ay5 ^GCOW-
ORPER, WITH

r = -k[520/-][I-]

iHEMI5T5 PR0P05E TWO
ELEMENTARy 5TEP5:

5^0/-+

r

r -1-
1- ^

250/-+ r

h

THE FIR5T REA<:TI0N'5

THEORETICAL RATE

r = -kC520/-][I-]

MAT^HE5 THE 0B5ERVEP
RATE OF THE OVERALL
REACTION. THE 5E<:ONP

REA<:TI0N PRE5U/VIABLy

HAPPEN5 VERy FA5T
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Equilibrium • ••

15 A 5TATg Of
PVNAMI^ BAUAN^E.
IN NATURE, WE OFTEN
FINP TWO PR0<:E55E5

THAT UMPO EA^H

OTHER-EVAPORATION
ANP ^ONPEN^ATION,
FOR in$tan<:e. when
THE PR0<:E55E5 UNPO
EA^H OTHER AT THE

6AM£ RATE, noth-
ing APPEARS TO gE

^HAN(S.IN6. THAT''^

CQUIUIBRIUM.

IF I 50IL My iUOTME^ AT THE 5AME RATE THEV'RE

WA5HEP AMP PRIEP, I AUWA/^ HAVE THE ^AME AMOUNT
OF ^LEAN (iLOTHE^.

MANY (:hemi(:al rea^tion5 are

REVERSIBLE.



NOW IMA^IWg A REACTION



AMP A
LITTLE

MORE
MATH...

NOW WE MAKE AN UNWARRANTED

A^^UMPTION: 5LIPP05E THE REA^:-

TION ORPER^ ARE &IVEN gy THE

5T0I^HI0METRI^ ^OEFFI^IENT^

a, b, C, ANP d. THAT 1^;

rp = -kpLArCB]^

(THERE kp ANP k^^v ARE THE
FORWARD ANP REVERSE RATE

^0N$TANT5.;

AT EQUILIBRIUM, THEM, THE RATE5

ARE EQUAL:

REARRANGING,

Lcrm'^ k,

[A]"[B]^
= K,

REV

WHERE K 15 A ^ON^TAMT.

BUT WHAT IF OUR A55UMPTI0N

15 WRONG, AND TH05E ARE NOT

THE REAL RATE5? NO PROBLEM.'

By 50ME mirA(:le, all inter-

mediate 5TEP5 ^N BE 5H0WN
TO COMBINE PERFE^Ly TO

VAUIPATE THE U$E Of
THE ^TOI^HIOMETRI^
^0EFFI^IEMT6. THAT 15,

there really 15 a <:0n5tant k,

5U<:h that at equilibrium-.

[C]'[P]'

[A1»[B]
= K

TO PUT IT ANOTHER WAy, NO MATTER WHERE THE REA<:TI0N 5TART5 OR HOW MU<:H OF

ANy INGREDIENT 15 PRE5ENT AT ANy TIME, THE iON<:ENTRATION5 AT EQUIUIBRIUM
ALWAy5 5ATI5Fy THE EQUATION-.

[A]TB]^
= K

THi5 FA^T 15 <:ALLEP THE

law of mass
action,
AMP K 15 THE REAaiON'5

equilibrium
constant.

GEE... THREE TIME5 ON ONE
PAGE... THINK THAT'5 ENOUGH?

[C]^[D]

[A]^[B]
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Example: Ionization of water
COhi'plP^R V^^O -- H" + OH'. WATER
/V10LE<:ULE5 OCCk^\OWkVVi gREAK APART,

AMP W AMP OH' REA^H AW EQUIUIBRIUM

^ON^EWTRATIOM.

9 . -, r,^A < ^

(

WE PUU6. IM TH05E VALUED AMP
aL^ULATE THE EQUILIBRIUM (iOW^TAMT

K =
[H^][OH-] L\o-n(so-n \0

-14

[H,0] [H,0] [H,0]

TRUE... BUT EVEM AT
\0''' M , THERE ARE ABOUT
bO,000,000,000,000,000
OF EA^H ION IW A LITER.'

r>"

MOW ^UPPO^E £?.1 MOL OF HyPRO-
OMO^\C A^IP, H<:i, PI5^0LVE5 IM A

LITER OF WATER. HCl , A POLAR MOLECULE,

ALMOST ^OMPLCTELV PI^^O^IATE^ IMTO

H"" amp C\- I0M5. ^UPPEMLV, [H^^] RI^E^

TO 0^ M. THEM WHAT?

PRE^I^E MEA^UREMEMT OF PURE WATER

AT VJ°C $H0W5 [H^] AMP [OH'] TO BE

ALMOST EXACTLY 1^'^ M- MOT MU^H!

H* I0N5 AUWAy5 ATTACH TWEM^EUVE^ TO A WATER

MOUEiULE TO MAKE H,0^

G (

..•c^r^p.f^r<»
c^-^^ dkz _£!:.

WHAT'^ [HjO]? BEFORE PI^^O^IATIOM,

ir$ 55.6 M. L OF WATER WEI&H^

)000q; 1 MOL WATER WEI6H5 18 q;

1^Cd?/10 = 5^.6.) AFTER Pl5^0(:iATI0M

,

IT''^

^'7.6 - 0.000000)

BARELV PIFFEREMT 50 WE <:AM 5Ay

THEy POM'T aLL IT A <:0M5TAMT FOR
MOTH I M^.' WE IMMEPIATELy WRITE

\0'^^ = 55.6K = [H^][OH-]

= (£?,0[0H-]

50LVIM6 FOR [OH"],

[0M-] = W'^"^

THAT 15, THE APPEP H"" I0M5 /S-OBBLEP

UP EXA^Ly EW0U6H OH" I0W5 TO MAIM-

TAIM THE PROPUa [H^ICOH'] AT A

^0M5TAMT W'^^.
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Le Chatelier's Principle

you cm THiwK of ^quiuwio/a a$ a

BALAN<:gP 5EE5AW WITH REA^TANT^ OW
OME ^IPE AKiP PROWCTi> OM THE OTHER.

IN THE UA5T EXAMPUE, H^O WA5 OM THE

LEFT, OH' ANP H"" ON THE RI6HT

^)m

THE freN(:h iHEMi^T HENRY UC THA-
TCHER HA5 LEFT U5 A GENERAL PRIN-

CIPLE FOR ANALyziN6 WHAT HAPPEW^ WHEN

CWmiCM EQUILIBRIUM 15 PI5TURBEP.

When an external

stress is applied to

a system at equilib-

rium, the process

evolves in such a
way as to reduce
the stress.

IN THAT EXAMPLE, THE EQUILIBRIUM

WA5 PI5TURBEP By APPINfi- H"' TO THE

RI6HT 5IPE. WHAT HAPPENS THEN?

FOR EXAMPLE, IF aA + bB ^ cC + dP

1$ IN EQUILIBRIUM, THEN APPIN6 REAC-

TANT A PRIVET THE REACTION TO THE
RI^HT-CON^UMIN^ MORE A.

IN OUR EXAMPLE, APPIN6 L0AP5 OF H^



LE <:hatelier vERy ^LEVERLy APPLiEP m
OWN PRIMilPUE TO THE $yNTHE^I5 OF

AMMOMIA, WM,, A <Ey iw6.repiewt of
FROM FERTILIZER^OUWTUE55 PROQUCT'?,

TO EXPLO^IVE^.

IM<:REA5IW& PR£46URE, •^aip HI^ PRIM-

ilPLE, WILL PRIVE THE REA^IOM IM THE

PIREaiOM THAT REPU^E6 PRK^URC ^5'?=5?5^^:^^^^^^^^^-

THERE ARE FOUR MOLE^ OF &A5 ON THE LEFT, WT OHIV TWO OM THE RI&HT gy THE

6A^ LAW, PRE55URE 15 PIRE^Ly PROPORTIONAL TO THE NUMBER OF M0LE5. 50

PRE55URE 15 RELIEVED WHEN THE REA^ION &0E5 IN THE t7IRE<:TI0N OF FEWER
M0L.E4, THAT 15, TO THE RI^HT

IN 19C?1, LE ^HATELIER ATTEMPTEP THE 5yNTHE5l5

AT A PRE55URE OF i^'t? atm IN A 5TEEL "gOMB"

HEATEP TO 6C^°(:. UNFORTUNATELy, AN AIR LEAK

aU5EP THE BOMB TO EXPLORE...

...ANP THE <:HEMI5T ^'AVE

UP THI5 FERTILE LIME OF
INVE5TI6.ATION.

^^r^A^

FIVE yEAR5 LATER, THE GERMAN
FRITZ HABER 5U(:^eepep where

LE <:hatelier hap failep, anp
EVER 5IM(:E, AMMONIA 5yNTHE5l5

HA5 BEEN KNOWN A5 THE

Haber
process.

n

"I LET THE PI^^OVERV OF THE

AMMONIA ^yNTHE^I^ 5UIP THROUGH

My HANP^. IT WA^ THE 6.REATE^T

BUUNPER OF My ^ClGHTlflC CAREER."

-LE CHATELIER

16?



IN TW? CHAPTER, W£ ^AW HOW A WfAKR Of FA^OR^ AFFE^TEt? REAfiTIOM RATE5-.

^ON^£NTRATIOM: RAi^iM&

^ON^EMTRATION UP^ THE RATE.

TEMPERATURE: RA5iW6
TEMPERATURE UP^ THE RATE.

-«s-
^

AmVATIOM EMER^y: LOWERiw^ it

gy MEAM^ OF A <:ATAUy5T, UP5 THE RATE.

WE AL50 5AW HOW A BUILPUP OF REAC-

TION PROWCTi> COULP 5TART A REVERSE

REACTION THAT OVERTAKEN THE FORWARP
REACTION AT EQUILIBRIUM-

IN THE NEXT CHAPTER, WE'LL EXPLORE 50ME (S'REAT U5E5 OF THE CONCEPT-ANP THE

C0N5TANT-0F EQUILIBRIUM, ANP IN THE CHAPTER AFTER THAT WE'LL PI6. PEEP ANP

PI^COVER WHAT EQUILIBRIUM REAUUV MEAM^.

VN[... HOW \
PEEP? C^

1M



Chapter 9

Acid Basics

^C\Q^, 50UR AMP A&6RE5-

$IVE, ARE EVERVWHERE-. IW

^ALAt? PRE55IN6, RAINWATER,

^AR BATTERIES, 50FT PRIWK^,

AWt? yOUR 5T0MA^H. TMEV

^AN BURN, ^ORROPE, PI6E5T,

OR APP A PLEA5ANT TAN6.

TO FOOP ANP PRINK...

BA5E5, BITTER ANP ^LIPPERV,

MAV BE UE5^ FAMILIAR, BUT

ARE EXA^Tiy A5 COMMON A5

A^IP5. yOU'LL FINP THEM IN

BEER, BUFFERIN, 50AP, BAKING-

50PA, ANP PRAIN <:LEANER5...

A^IP^ ANP BA5E^ ARE 50ME-

TIME5 U5EFUL, OFTEN HARM-

FUL, ANP ALWAy^ A 6REAT

OPPORTUNITY TO PLAy WITH

EQUILIBRIUM ^0N^TANT5.'
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A^IP5 ANP BA5E5 ARE INTIMATELV ^ONNE^CP VIA PROTONS, I.E., HVPRO^EW I0W5, M^

AM A^IP 15 AWy 5UB5TAN(:E that THR0W5
OFF PR0T0W5. THE 5TRON6ER THE A^IP,

THE MORE EASILY IT $HEI75 H^

/EAk: mip |> Ai)S^

A BA6E 15 AMV ^UB5TAW^E THAT TAKE^

UP PR0T0W5. BA5E5 (S-EMERALLV HAVE AM
EXP05E17 ELE^ROM PAIR WHERE A PRO-

TON <iAM ME5TLE.

A5 you <:am ^ee, am a^ii? 15 ju5t a

PROTOM ATTA<:HEt7 TO A BA5E.' AM A^IP

AMP BA5E PAIREP IM THI5 WAV ARE
CMIQP ^0MJU6AT£ TO EA(iH OTHER.

$IM^E MAKEP PR0T0M5 ARE WILP,

A66.RE55IVE <:REATURE5, 5TROM6 A^IP5

ARE VERy REACTIVE.

.(3 " x>

3^

THE 5TROM6ER THE BA5E, THE MORE
5TR0M6Uy IT WAMT5 TO BOMP TO A

PROTOM.

By PEFINITIOM, THE 5TROM6ER AN A^IP,

THE WEAKER IT5 ^OMJU^ATE gA5E, ANP
VI^E VER5A.

:;(±):. r^

5TROM6 A<:iP, WEAK WEAK A^IP, ^TRON^
iONJU6ATE BA5E, iOWJU6ATE BA^E, TI6HT-

L005E PROTOW LV BOUNP PROTON
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50ME ^ONJU^ATE A^IP-BA^E PAIR5:

TO WEAKEST

BA5E5, WEAKEST

TO 5TR0W6E^T

HyPROIOPI^, MI

MyPROBRO/WI^, MBr

WyPRO^HLORI^. H^l

mitrk: MMO,

hvpromium, h^o""

BI5ULFATE, H5O4-

^ULFUROU^, H^^O,

PHO^PMORI^, H3PO4

HyC7R0FUU0RI<:, HF

NITROUS MNO2

A^ETi^ cvime&ar;, CW^COJi^

AMMONIUM y\W/

HypRo<:yANi<:, wa\

BI^ARBOMATE, H^O,'

WATER, H^O

BI^ULFATE, H5O4'

lOPiPE, r
BR0MIC7E, Br'

^HUORIPE, CI'

NITRATE, MO,'

WATER M^O

SULFATE, $0/'

BI5ULFITE, H50,'

FUUORIPE, F'

NITRITE MO2'

ACETATE, CH^CO^'

BiaRBONATE, WCO,^

t>Ji^tAOy\\k MM,

^yANIPE, CW
aRBONATE, CO/'

HypROXiPE, OM'

/ (S

^

WOTE-. eOTH A^IP^ AWP BA^E5 aW BE EITHER iHAR6EP OR NEUTRAU.

©
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Acids and Bases in Water
wow WE WOULP

MEASURE OF AN
A<:iP'5 5TRCW6.TH.

THI5 15 EA5IE5T FOR
fi^WP'? PI550LVEP IM

WATER. CA\05T A^IP^

WE EM^OUWTER IN

THE WORLP ANP IN

THE LAB ARE WATER
50UL)gLE.;

IMPORTANT ^AFCTV NOTE--

ALWAV^ AC?C? A^IP TO
WATER, NEVER vi<:e ver$a.

WEAR 6UOVE5 WHEN
HANPLIN6 5TRON6 A^ll?^.

WHEN A ^TR0N6 A^IP PI5$OLVE5 IN

WATER, THE A^IP ^OMPLETEUy lOMIZE^,
OR [7l550<ilATE5. HVPRO^HLORIi A^IP,

FOR EXAMPLE, P0C5 THI^:

wc\ H^ + a

WT THAT PROTON ^AN'T FLOAT AROUNP
FREEL/-. IT5 <:HAR6E 500N PRAW5 A

^LU5TER OF WATER M0LE^ULE5.

9-^

FOR CONVENIENCE, WE A55I6N IT TO
ONE OF THE5E H2O MOLECULES, ANP
WE CALL THE CLUSTER A HyPROMlUM
ION, H,0^ IN $HORT,

m + H^O -* H,0^ + Cl

THAT 15, APPIN6

5TRON6 ACIP TO
WATER RAi5E5 THE
CONCENTRATION OF
H,0^ H,0" 15 A

5TRON6. ACIP, ANP
THE HIGHER IT5

CONCENTRATION,

THE MORE ACIPIC

THE SOLUTION.
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WE cm PE5^RIBE THI5 IN TERM^

OF BA5E^. TOO.

rA BA5E 1$ JU^T VTiv
l^^A HEAPUE^^

H2O TAKE5 A PROTOM FROM M<:i TO FORM
M,0". THAT 1^ TO ^AV, H^O 15 A 6TROM6ER
BA4E THAM C\-.

WHAT'5 TRUE OF HCl 1$ TRUE OF AUU

$TR0W6 MQ^. THEIR COm\)GtKl^'?

C\^0^', ere.) ARE ULTRA-WEAK BA5E5-

WEAKER THAN WATER, WHICH 15 VER/ WEAK.'

IMTERE5T

AMVOME IM A

PROTOM?

WHAT IF WE APP A 5TROW6ER BA5E B'

TO WATER? THEM H,0* WILU 5URREMPER

A PROTOM TO IT:

H,0^ + B HB + H2O

TO 5UM UP: IM AC?UE0U5

50LUTI0M, ACIP5 IN^REA4e
[H,0^], AMP BA5E5 PE-
^REA6E IT [H,0^] 15 A

MEASURE OF A
^Ol.UTION'6 A^IPITV.

169



pH
HOW W&U 15 [H,0^]? LET'^ REVIEW THE
I7I5^U55I0M ON PAfi'E 161 IN CHAPTER 0.

WATER ALWAV^ I0NIZE5 ITSELF A LITTUE"-

AT EQUILIBRIUM, IN PURE WATER AT 25Y,
THE MOLAR ^ON^ENTRATION^ OF H,0*

ANP OM' ARE BOTH 1.£? X W'^ M.

THE EQUILIBRIUM ^ON^TANT FOR THI5

REAaiON 1$

•^e.=

BUT THE DENOMINATOR 1$ ^ON^TANT,

OR NEARLV 50. ONLV ABOUT ONE
WATER MOLECULE IN 55b,000,000
I0NIZE5.' THEREFORE THE NUMERATOR
15 A ^0N5TANT TOO. WE <:ALL IT THE

WATER ^ON^TANT.

A 5TR0N& A^IP &IVE5 ALL IT5

PR0T0N5 TO WATER TO MA<E
H,o^ FOR in5tan<:e, a i m
SOLUTION OF HNO, HA5

50

[M,0*] = 1M = 1d?^M

)

[0H-] PR0P5 TO K/\\^P^'\

50 PRE^I5E,

IT'5 LIK£
MA6I^.'

/«**'/

ON THE OTHER HANP, A BA5l^

^OMPOUNP LIKE NaOH PI5-

50^IATE5 FULLV IN WATER ANt?

RAI5E5 [OH-]. [H,0*] FALL5

A^^ORPIN^LV. A 1 M 50LUTI0N

OF MaOM HA5

[0H-] = 1

[H,0*] = 1£?-'^

WELL... THAT'5 5TILL

ABOUT 6,000,000,000
H^O* I0M5 PER LITER.'

FOR M05T PRAai^L PURP05E5,

THEN, [H,0*] FLUaUATE5
BETWEEN 1 ANP li?"^'*.
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MOW WHEN cwm\$ri> ^ee w, thev

OFTEM FINP IT SIMPLER TO TALK

ABOUT X, THE LOGARITHM. THEY PEFINE

pM = -log [W,On

pW 5TANt75 FOR POWER OF HVPRO^EN.

pM RAN6E5 APPROXiMATELy FROM TO

14. THE LOWER THE pH, THE MORE

^a\?\C THE SOLUTION. FOR IN5TAM^E, A

0.01 M SOLUTION OF HCl HA5 CH,0^]

= .£71 = 1^-^, -^O pM = 2.

pH U)Q^ POWM A5

[H,0^] 60E^ UP!

iST'

WHEM PEALIN6 WITH BA5E^, IT ^N BE

MORE CONVENIENT TO U5E pOH. THI^

15 PEFINEP A5

pOM = -loq[OH-]

ANP WE HAVE

pM + pOH = 14

pH 5UB5TANCE

5% SULFURIC A<:il7

12

13

1 STOMACH ACIP

2 LEMONS
VINE6AR

? APPLET, GRAPEFRUIT

COCk-COlt^, ORAW6E5

4 TOMATOES, ACIPlFlEP LAKE^

5 COFFEE
gREAP
POTATOES

6 NATURAL RIVERA

MIL<

7 PURE WATER, 'SALIVA

TEAR5, BLOOP

5EA WATER

gAKINfi^ 50PA

1C? WATER IN MONO LAKE

MILK OF MAd-NE^IA

11

LIME WATER

14 LVE, 4% $0PIUM HVPROXIPE

50RRy, IN THI^

BOOK, I'M

COLOR BLINPI
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Weak Ionization

IN WATER, ^TR0M6
U.m lOMIZE... WELL...

5TRON6Ly. WHEW
HCl [7I$50LVE5, IT

RELEA^E^ VIRTUAULV

ALL IT$ HyPR06EW
A^ H^ AMP pM 15

&IVEM piRE<:TLy gy

HOW MU^H HCl 15

IM SOLUTION.

BUT A ^0/MPLiaTIOM ARI5E5 WITH Hj,eo^, A 5TR0M& A^IP

WITH TWO PROTOM^ TO (5.IVE. OWUy THE FIR5T OME
I0NIZE5 ^OMPLETEiy-.

^
@

'h..

W?0^- 1$ A
WEAKER A^IP,

WHI^H PART5
WITH IT$

PROTON LE55
WILLI w&uy.

HOW PO WE 5P£^lFy THE "A^IPITy" OF WEAK A/:iP5? TME5E A<:iP5 lOMIZE OWLy

PARTWAy IW WATER. THAT 15, IF MB 15 AWy WEAK A^IP IM AQUE0U5 50LUTI0M,

IT 50A^ETIA1E5 HAMP5 OFF IT5 H^ TO H^O, AMP 50METIME5 THE PROTOM

com"? ^^CK:

HB + H^O -- Wp^ + B

[HB][H^O]

A5 U5UAU, [H2O] 15 d:0M5TAMT,

50 WE ^AM REMOVE IT FROM
THE EXPRE55IOM. THEM THE

A^IP lONIZATIOM ^OM^TANT
K 15 PEFIMEP gy WITH H,0* ABBREVIATEP A5 H'
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HERE ARE K VALUED FOR A FEW WEAK A^IP^. A HI6H VALUE FOR K„ MEAM$ A

LARfi'E NUMERATOR, THAT 15, A LOT OF I0N5 RELATIVE TO THE MON-IOWIZEP

5PE^IE5 IW THE PENOMINATOR. THAT 15, HIGHER K„ MEAM5 5TRON6.ER A<ilt7.

*a1 *a2

a<:eti^



Example
K„ ^M gE U5EP TO FlWP THE pH OF A WEAK fiZ\Q ^OLUTIOM.

VIME&AR 15 A 5% 50LUTI0M OF A^ETI^ A^IP. THI5 W0RK5 OUT TO AgOUT 0.9 fAOi/l.

WHAT 15 THE pH OF AN 0.0 M SOLUTION OF CU^COJt\ IM WATER?

<:h,<:02M -- CH^cOj- + h* cabbreviatin^ h,o* a5 h^-;

THE concentration OF ACIP BEFORE IONIZATION 15 ^.8 M. 5UPP05E IONIZATION

REPUCE5 THI5 VAUUE BV AN AMOUNT x. THEN WE CAN MAKE A TABLE'-



REA^ION^ WCW A5

Fe'^ + 2H2O ^ FeOH^* + M,0^

ARC (iALLEP HYPROiy^l^, OR
WATER-5PLITTIN&. HERE IT IN-

VOLVED AN A^IP, BUT IT'D ALDO

VERV COMMON WITH BA5E5.

WHEN A BA^E B' COTHCR THAN

OH"; 1^ PI^^OUVEP IN WATER,

B- TAKE^ H^ FROM H,0^

[H,0^] PROP^... [OH'] MU5T RI$E TO MAINTAIN K„

50MEB0Py MAKE \
^^U PO IT/

MORE OH .'

THI^ <iAN ONLY HAPPEN W ^PUITTIN<$.

HjO, WHI^H MAKE^ MORE H^..

WHI^H \i> &0BBLEI7 UP BY B ... ANP 50

ON, UNTIL EQUILIBRIUM 15 REA^HEP.

<^

V ^ ^(
i

^^^

IN OTHER W0RP5, B' HYPROiyZE^ WATER ANP aU$E5 A RI5E IN OW.

M.0 + B MB + OW

ANP WE 6ET A NEW
EQUILIBRIUM ^0N5TANT _

-

THE BA5E lOMIZATIOM K ^ =
^ON^TANT K,. b

[HB][OH-]

[B]
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THE Hlfi-HCR TME K^. THE ^TRON&ER
THE BA5E. THI5 15 BE^U^E:

• HIGHER Kb /V1EAW5 HIGHER

[0H-], hem<:e higher pH.

• Kb A1EA5URE5 B"5 ABILITV TO
TA<E A PROTOM FROM H^O.

• Kb 1$ INVERSE TO K„. IF HB 15

THE ^ONJU^-ATE M9. THEM

BA5E B



Neutralization and Salts

IN WATER, UAV"? GENERATE W AMP BA^E^ GENERATE OH'. WHEM kCW?'? ANP

gA5E^ <:OMBIWE, THE^E I0M5 NEUTRAUIZE £A<:H OTHER. FOR EXAMPLE:

H^l(aq) + WaOH(aq) — Na^(aq) + d'Caq) + H^O

TWO NA^TV ^HEMI^AU^ COMBINE TO MAKE AN ORPINARV SOLUTION OF TABLE

^ALT IN WATER. IF THE WATER EVAPORATED, ONLY 5AUT ^RVDTALD REMAIN.

THiD ID Typiau, DO Typiau, in fa^, that it'd the definition of a dalt-. a

$AIT ID A dubdtan<:e formep gy the neutralization of an a<:ip by a bade.

/ KigUTRALIZATION

\ you MEAW...?

I WAD AFRAIP you
were (pOUb TO

adk: that..

By neutralize, we mean that the

DALTD ARE MAPE FROM EQUIVALENT

WEI^HTD OF A^IP ANP BADE.

W-/..^
AMP gy EQUIVALENT W'
WCI&HT, you MEAN...? / ^ifi-H...
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AM EC?UIVAU£MT WEIGHT OF
A^IP 15 THE AMOUMT THAT WOUUP
yiELP OME MOUC OF
PROTONS IN WATER IF THE
A^IP lOMIzgp ^OMPLETELy.

1 EC?UIV \<a = 1 MOL



WHEN A 5TRON(5. MQ NEUTRALIZED A WEA< BADE, THE SOLUTION WILL HAVE

pH < 7. ^ONDIPER AA^MONIUM NITRATE, MH^NO,, A COMMON INfi-REPIENT IN

FERTILIZER. IT REDULTD FROM THE NEUTRALIZATION OF NH, CWEAK BADE; BV

HNO, CDTR0N6 A^IP;.

HNO,(aq) + MH,(aq) — NH/(aq) + NO^'Caq)

NO,

HNO
HAD NO BADI<: EFFE^ CBE^UDE

, ID DTR0N6.;, $0 WE ^N I6.N0RE

IT IT'D A "BYDTANPER ION." BUT HW/
ID A WEAK A^IP THAT WILL PIDDO-

<ilATE, WITH K„ = 5.7 x 10'^^.

m/Caq) ^ m^Caq) + H*(aq)

Example
&UPPODE THE CONCENTRATION OF WH^MO, ID 0.) M. WHAT ID THE DOLUTION'D pH?

WE MAKE THE UDUAL TABLE ANP COMPUTATION:

CONC. BEFORE IONIZATION OA

CHANGE IN CONC. -x

EQUILIBRIUM CONC. OA - x

NH,

0.0

X

X

H"

0.0

X

X

U^UAL A55UMPTION 1

:

H'^ FROM WATER 1^

ME^UI^ieUC.

AT EQUILIBRIUM, <„ ID

t^^^t^"^^
= D.7 X 1.-

[MH/]

MAKING THE UDUAL TWO ADDUMPTIOND, WE 6ET

^2

£7.1

= 5,7 X 1£?
-io

x^ = 5.7 X 1£7-" * 57 X 1d?-'^

X = [H^] = 7.55 X W'^

pH = 6 - log (7.55) = 6 - ^.00

- 9.12

U5UAU A$^UMPTION 2-.

X 15 MOC\^ UE55 THAW
0.1 AMP cm BE I6N0REP.
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51/HIUARLy, WHEW A ^TR0M6

BA5E NEUTRALIZED A WEA<

A^IP, THE RE5UUTIW6. 5ALT

SOLUTION WILL BE WEAICLV

^t>6\C. FOR EXAA/IPLE, WHEN

NaOH NEUTRALIZED CH/O2H,

Na^ ID A "gyDTANPER ION,"

WHILE ACETATE, CW^CO^', ID A

WEA< BADE. WORK OUT FOR

yOURDELF THE pH OF A O.*? M
DOLUTION OF HaCW^CO^. UDE

Kt, OF cw^co^- = 5.7 X ^0
AO

WE ^N DUM/WARIZE THE pH OF DALT DOLUTIOND LKE THID:

IF DALT REDULTD FROM
MEUTRALIZATIOW OF



Titration
15 THE PRO^E55 OF NEUTRALIZING AN UNKNOWN SOLUTION BY PRIPPIN6

C'TITRATING"; A KNOWN STRONG A<:il7 OR BA5E INTO IT

IF, FOR EXAMPLE. THE UNKNOWN
5TUFF 15 A^IPK:, we titrate it WITH

A 5TRON6 BA5E, NaOH, OF KNOWN
<:ON^ENTRATION, 5Ay 0.<7 M.

pH 5L0WLy RI5E5. AT THE

ENPPOINT, WHEN THE A^IP 15

NEUTRALIZED, pM RI5E5 RAPIPLV,

5I6.NALE17 By A ^HANfi'E IN ^OLOR

OF AN INDICATOR ^HEMI^U

1?



WHEN SEVERAL I0N5 6ET TO&ETMER IM

^OUUTIOM, IWTERE$TIW6 THIN65 HAPPEN...

Solubility products
50A/IE 5ALT5 ARE VERV SOLUBLE, 50ME HARPLV AT ALU. WHEM A 5ALT

SOLUTION REA^ME5 IT5 A1AXIMUA1 PO^^IBLE <:OM^EMTRATIOM, WE ^AV IT 1$

5ATURATEP. anv appep ^alt ju5T faul^ to the bottom.

I FEEL AW v*-^

EC?UILIBRIUA\

^0MIM6 ON...

^ALT^ PI550LVE IM WATER BV lONIZIW^-'-

CMERE A, THE NATION, HA5 OXIPATIOW NUA1BER +Tn AMP B, THE AMIOW, HA5

OXIPATION NU/VIBER -rxj lON^ ARE &0IW6 IMTO SOLUTION ANP FALLIM& OUT
AT LOW ^ON^ENTRATIOM, THE FORWARP REACTION P0A1IMATE5. SATURATION! 15

THE EQUILIBRIUM STATE.

HERE IS THE EQUILIBRIUM <iONSTAWT

<..=
[H^O][AA]

THE PENOMINATOR CONTAINS WATER ANP THE

UNPISSOLVEP SALT-BOTH ESSENTIALLV ^OWSTAMT

SO WE IGNORE THEM AS USUAL AMP PEFINE K,p,

THE ^OUUBItlTy PROPUa:

K^pS [A'"*]"[B""]'"
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FOR EXA/MPLE, A 5ATURATEP 50UUTI0M OF CaCO, HA5 A aU^lUM CONCENTRATION

OF 6.76 X 1(?'^M. POSITIVE ANP NEGATIVE CHAR6.E5 HAVE TO BALANCE, $0 THE
~9.

CARBONATE CONCENTRATION 1$ AL50 6.76 X 1£? M. THEN:

= (6.76 X 1C?-^)^

= 4.57 X 1^-'.

BECAUSE C<xCO^ 15 50 INSOLUBLE, WE CAN U5E Ca^"" I0N5 TO

PRECIPITATE PI550LVEI7 CO,^" FROM SOLUTION. FOR INSTANCE,

WHEN WE MAKE CAUSTIC LVE, WaOH:

CaCOH^aq) + Ma/0,(aq) — 2MaOH + CaCO^(.s')[

Co?-^ ANP CO/- WILL NOT ^TAV IN

SOLUTION TOGETHER BEYONP

WHAT THEIR SOLUBILITY PROPUCT

ALLOWS. AS SOON AS THE APPEt?

Co^^ REACHES A LEVEL THAT MAKES

[d:a^*][CO/-] = 4.57 X Id?

CALCIUM CARBONATE BEGINS TO
PRECIPITATE OUT

IT POESN'T
TAKE MUCH,
IN OTHER
WORCS.'

>

^OLIP SP
^LIP sp

FePO,

Fe,CPOA

FeCOH)^

FeS

Fe^S,

AKOH), (AMORPH)

AIPO4

CaCO, (aL^IT£)

CoCO, (ARA60MITE)

CaMqCCO,)^

CaFj

CaCOH)^

Ca,(P0,)2

CaSO.c&yp^uM)

18
1.26 Xl£?

3.26X1^-'^

9.^X1^
-ie

-3?

-21

-9

1C

1£?

1£?

4.6X1^

b.O%W

1.0%\0

1(7-"

2.6X1^-^

-9

17

-11

^<A0^

PbClj

PbCOH)^

PbSO^

PbS

MqNH/O^

MqCO,

Mq(0H?2

MnCOH)^

AqCl

Aq2Cr04

Aq^SO^

ZnC0H)2

ZnS

1.6 Xl£?-'

9.£?X10'^^

1.6 X1£?-^

1<?-2^

2.6X1^-"

1£?-^

1.02 Xl£?-"

1.6 Xl^-"

2.6 Xl^-^^

1.6X1^-^

3.26X1^-"

ie?



Kjp cm HELP U5 FIWP THE EFFE^ OF OWE lOW OH
ANOTHER'^ ^OLUBIUITV. FOR IM^TAW^E,

pH affects solubility.

Example I.

CaCOU\ ^ Ca^' + 20U-

"•^p lCa^*2L0[\'Y = 5.d? X 10

TAKE THE UOfi-ARITHM OF BOTH ^\\?G9-

loq[Ca^"] + 2loq[OH-] = Goq 5) - 6

^ 0.7-6 = -5.3

loq[Ca2"]-2pOH = -5.?

$UB^TITUTIN6. pOH = 14 - pH,

log [<:a^^] = 22.7- 2pH

1—

1

+



Buffers
WE cm U5E 8A5E5' PROTOW-
aPTURIN^ PROCLIVITIES TO
MODERATE THE pM PROP
aUSEP gy STRONG Ail PS.

FOR EXAMPLE, START WITH A LITER OF .£?1 M
SOLUTIOW OF S0PIUA1 A<:ETATE, HaCW^CO^. THIS

IONIZES TO GENERATE .^1 mol OF THE WEAK' BASE

ac:etate, cwxo^-, conjugate to a<:etic a<:ip.

.isr^

APP A LITER OF .01 th HCl, A STRONG
ACIP. THE ACETATE lOM 6RABS NEARLV

ALL THE PROTOMS fi-IVEM UP W HCl:

THE pH OF THE SOLUTION IS THAT OF A

.00^ M SOLUTION OF ACETIC ACIP.

CCONCENTRATION IS HALVEP BECAUSE WE
NOW HAVE TWO LITERS OF LIQUIP/;

THAT'S pH = ?.93.

IF WE HAP APPEP THE WC\ TO PURE WATER

INSTEAP, THE pH WOULP HAVE PROPPEP TO
1.3. THE ACETATE MOPERATEP THE
A^IPITy OF THE WATER.

<5>

(9
(3

WE SAV THAT THE ACETATE BUFFERS
THE SOLUTION A6AINST ACIPS.
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WE MAV BE gOTHEREP gy THE FA<:T THAT WE <:OL)UP LOWER THI^ WITH A WEAK A^lt?,

OUR BUFFER SOLUTION 1$ A10t?ERATELy

ALKALI WE, WITH A pH = 0.30.

BUT WE POW'T WANT TO 6IVE AWy PR0T0W5
TO THE ACETATE I0N5. THI5 WOULP CUT
THEIR BUFFERING ABILITY.

$0 WE BRILUIANTLV u^E A^CTI^ a^ip.

CH^CO^H. IT5 ^OMJU^ATE BA5E 15 ALREAPy

ACETATE, 50 IT WON'T &IVE UP PR0T0N5

TO THE FREE ACETATE IN SOLUTION.

IF WE MAKE A SOLUTION C.C1 M IN

ACETATE ANP JU5T 0.002 M IM A^ETIi

A^IP, THE pH WILL BE 5.5, NOT TOO
BAP. aHE <:AL<:ULATI0N 15 ON THE
PA6E AFTER NEXX;

EVEN BETTER, WE HAVE

BUFFEREP A6AIN5T

A^IP6 AMP PA^E4
^IMULTAMEOU^ty/
THE A^ETI^: A<:iP WILL

&ive up it5 h to a

5trom6 ba5e, while the

a<:etate will take

pr0t0n5 from 5tron6
A^IP5. pH WILL BE HELP

WITHIN A LIMITEP RAN&E.

BA5E BUFFER A<:iP BUFFER
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THI5 15 THE TRI(:K WITH

BUFFER^-. U5E AM A^IP AMP

BA5£ WITH A COft<ff<0^

ION: <:0A1BIME A WEAK
A^IP HB WITH A 5ALT THAT

I0MIZE5 TO fi'lVE FREE B .

A BIT OF ARITHMETIC 1-ET5

U5 PREPia THE pH OF
BUFFERS, BOTH BEFORE

AMP AFTER APPITIOM OF
ACIP5 OR BA5E5. WE 5TART

WITH THE WEAK ACIP HB.

By PEFIMITIOM,

K„ =

50

[HB]

[B-]

[H^] [HB]

TAKIM6 L06. OF BOTH 5IPE5,

106^ K„-L06. [H^] = IOC, (iryim)

WRITIM6. pK„ FOR -L06 K„, THI5 BECOMES

pH pK, = log ([B-]/[HB])

WHICH 15 aULEP THE

Henderson-
Hasselbalch
Equation.

<5Q§^ / \MAM.' TALK \
ABOUT THE
POWER OF

^E )

y

IM OUR BUFFER 50LUTI0M, THE 5ALT

COMCEMTRATIOM fi-IVE^ [B], AMP THE

COMCEMTRATIOM OF ACIP 6.IVE5 [HB]. K„

WE KMOW, 50 WE CAM 50LVE FOR pH.
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FOR EXAMPLE, •^UPPO^E A BUFFER

SOLUTION C0H^i9T^ OF 1 U OF C?.? M

HaCW^CO^ AMP C?.1 M CH,C02H. K„ OF

A<:ETI^ A^IP 15 1.75 X 1C?'^, 50

pK„ ^ -loq(1.75 X 1^-^)

= 4.76

THEN gy HENPER50N-HA55ELBAL^H, THE pH

OF THE 50UUTI0M 15

pH = pK„ +loq(:[B-]/[HB]) "
''

^ A.7b + \oqC05/O.X)

= 4.76 + log 5

* 4.76 + C?.7^ * 5.4^

IF A UITER OF 0.0^ M WC\ 15 APPEP, WE
A55UA1E THAT THE CW^CO^' BIMP5 WITH

E55EMTIALLy ALU THE H^ FROM WC\:

cw^iCOi + H^ — <:h/02H

THEM WE MAKE THE U5UAL TABLE".

ORI&. ^OM. 0.05

con. (:ham6E o.ot'?

EQUILIB. ^OM. O-Oli?

CH/O, H^

0.^5 0.015

O.OVi -0.015

0.115 0.0

MOTE THAT ^0M<:EMTRATI0M5 ARE HALVEP,

BEd:AU5E WE MOW HAVE TWO HTCR^ OF

50LUTI0M. THEM HEMPER50M-HA55ELBAL^H

5Ay5-.

pH = pK + oq

= 4.76 + loq CO.11'?/0.075')

= 4.76 + loq ? = 4.76 + 0.A9

«9.24

AMAZIM^'.' IF WE
HAP APPEP A LITER OF
0.05 M HCl TO A LITER

OF PURE WATER, THE pH

WOULP HAVE BEEM LE55

THAM 2/

a <i

5EE IF you ^M PO THE 5AME
aL<:ULATIOM IF WE HAP APPEP A

LITER OF O.OA M MaOH IM5TEAP

OF THE Wa.
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HCWPER^OM-HA55ELBAL^M Cm AL50 &Ult7g U5 WHEN WE WANT TO APJU5T

THE pH OF A ^y^TEM.

FOR EXAMPLE, NH/ 15 MU^M UC55

POI50NOU5 TO FI5H THAN NH,

BEaU5E THE UN^HAR<^EP MOUE^UUE

^N PA55 THR0U6.H ^ELL MEMBRANES

EA5ILy ANP INTERFERE WITH METABO-

LISM. henper5on-has5Elbal<:h savs

loqC[MHJ/[MH/]) = pH-pK„

IF, FOR EXAMPLE, WE WANT TO MAKE

[NH,]/[NH/] LESS THAN ONE IN A

THOUSAND, I.E., ITS L06 < -?, THEN

pH MUST BE LOW ENOU&H THAT

pH-pK„<-?

SIN<:E pl<„ OF NH/ IS 9.3, mV pH < 63

WILL PO.

SIMILARLY, WE APP HO<:i TO SWIMMIN6 POOLS TO KILL BA^ERIA. THIS MILt?

A^IP PARTLy DISSOCIATES INTO H^ ANP OCl'. BUT NOW WE PO WANT IT TO

BE POISONOUS, TO KILL BACTERIA.' Afi-AIN THE NONIONIZEP SPECIES HOCl IS

THE POISONOUS ONE, SO WE APJUST POOL pM TO LOWER [OCr]/[HOCl].

^\^T2J

I
EXERCISE ANP

I
DISINFECTANT

/ PIP, ALL IN ONE.'
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WE ^OVCREP A LOT IN TMI5 CHAPTER. WE MET A^ilP^ AMP BA5E^, MEA^UREP

TMEIR 5TREN6TH, AN17 $AW HOW THAT 5TREM6.TH 15 REUATEP TO THEIR lOWI-

ZATIOM IN WATER. WE NEUTRALIZED TITRATED ANP LOOKEP AT THE RE5ULTIN<&

5ALT5. WE 5AW HOW A^I175 AMP BA5E5 AFFEa A ^ALT''^ SOLUBILITY, ANP HOW

BUFFERS ARE MAPE BV ^OMBININ<^ WEAK A^IPS ANP SALTS.

ANP NOW FOR SOMETHING

COMPLETELY PIFFERENT..

190



Chapter 10

Chemical Thermodynamics
A HARP, theoreti<:al chapter that explains

WHV EVER/THIN^ HAPPENS

THE REA55URIN6. THEME OF THI5 CU^VTQR \9. THE UNIVERSE 6ET5 U545

IMPROBABUE all the time.
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FOR CXAyV\PLC, A BRI^K FLIE5 THROUGH
A WIMPOW, AMP THE &UA55 5HATrCR5
AMP 60C5 FUyiM&,

you MEVER 5Cg A BRI^K HIT A PUPPUE
OF (^LA55 FRA6/MEMT5 AMP aU^E THEM
TO FUy UP TO MAKE A WIMPOW/

OR: 50ME AIR 1^ LET IMTO A VACUUM
CHAMBER AMP QUI^KUy FILL5 UP THE
$PA^E.

you MEVER 5EE ALU THE AIR IM A

ROOM FLy IMTO THE CORNER. COR IF

you po, you pom't live to tell the
TALE.;

THE REA50M 1$ THE
^AME IM BOTH ^^E^--

THERE ARE MAMy, MAMy,

MAWy MORE WAy5 FOR
THIM65 TO FUy
APART OR $PRgAP
OUT THAM THERE ARE
FOR THEM TO FLy

TOGETHER AMP 6ET
<:OM^EMTRATEP $PREAP-
IM6 OUT 15 VA5TLy
MORE PROBABLE. IT'5 A

&EMERAL PRIM<:iPLE OF
THE UNIVERSE-.

Spontaneous *

processes tend to
spread things out.
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VOV MAV OBJECT THAT PiCKlHi, UP A BROOM AMP $WEEPIN6 THE 6UA5^ 5PLIMTER5

TOGETHER 1^ A ^OMiEMTRATIM& PR0<:E^5. AMP yoU'7 BE RKS-HT

«» o

BUT I REPL.y THAT IM ORPER TO 5WEEP,

I HAVE TO MOVE MV BOPV. MOVIM&
IMV0UVE5 CWmiCM REA^TIOM^ THAT
^PREAP HEAT IMTO THE EMVIRONMEMT

IM FA^T. I <:OULPM'T HAVE MOVEP IM

THE FIR5T PUA<:E WITHOUT EATIM&, AMP
EATiM6 ^.EMERATE^ WA^TE THAT 6ET^
$PREAP AROUMP TOO.

THE POOP I EAT UUTIMATEUX PEPEMP^ OM $OLAR

EMER6.y, WHI^H 5PREAP^ A TERRIFIC AMOUMT OF

MATTER AMP EMER^S-Y IMTO THE UMIVER5E.

you HAVE TO lOOK AT THE

BI6 PICTURE! AWy PRO^E55

THAT ^0M<:EMTRATE^ MATTER

AMP/OR EMER^y IM A $y^TEM

15 fKOR^ THAM OFFSET
By A GREATER AMOUMT OF

5PREAPIM&-0UT EU5EWHERE

IM THE UMIVER5E. THE
OVERAUL EFFECT IM

THE UMIVER5E fi6 A
WHOLE 1^ TO ^PREAP
THIM6^ OUT.
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iM cwQmcM 5y5Tgyv\5 we <:ow5iper the ^preapim^-out of ENERGY.

|yV1A6IME A ^y^TEM <:ON^I5TIW6 OF ^OME
TYPiaLLV HU6E MUMPER OF M0LE<:UUE5,

ANP LET U5 (:OM<iEMTRATE, FOR THE
MOMENT OM OME OF THEM.

KIWETI^ ENER^y 1^ 5T0REP IM A

MOUE<:ULE IM THE FORM OF VIBRATIOM,

ROTATION, AMP TRANSLATION O-E-,

FLyiN6 THR0U6.H 5PA^E;.

A5 WE 5AW IM CHAPTER 2, AT THI5 S^LE
ENER^y I'? <?UANTIZCP. oNLy <:ertaim

FI)CEP ENER^y LEVELS ARE ALLOWEP.

I OPERATE
ON 50 AlAMy

LEVELS.'

ener^y is taken om or (^iven off im

pa<:kets <:allep quanta that jump
the mole<:ule from ome emer^y
level to another.

SO THIS IS THE PICTURE-- EA^H MOLE(iULE HAS ITS OWN EMER^y LEVELS... AMP WE
THIMIC OF THE WHOLE SySTEM AS ALL THESE ENER^y LEVELS TAKEN TOGETHER, WITH

A VAST NUMBER OF QUANTA SPREAP OUT AM0N6 THEM IN SOME WAy.

THESE APP Up\
TO THIS! ^

194



Entropy, S<

MEA^URE^ THE 5PREAPIM& OUT OF QHGR&Y. IT ^AM

BE PEFINEP IW TERM5 OF HEAT AMP TEMPERATURE:

5TART WITH A $y$TEM AT

TEMPERATURE T CMEA^UREP
IW °k; amp app a ^maul
AMOUWT OF HEAT q*

THE EMTROPy ^HAN6£
A5, 15 &IVEM By

AS = q/T
WITH UNIT5 JOUUEV°K.

A5 THE FOLLOWING
PIA&RAM^ 5LI66E5T A5
MEA^URE^ THE EXTRA
4PREAPIM6-OUT OF
HEAT IM THE 5y5TEM
RE5ULTIN6' FROM THE
APPITION OF q.

50METIME5, q aU5E5 A 5MALL TEMPERATURE IW^REA^E

AT. Cq = ^AT, WHERE C 15 THE 5y5TEM'5 HEAT

Ck?U\n.) THE HEAT 5PREAP5 IMTO HIGHER EMER^Y

LEVELS.

T+AT

AT OTHER TIME5, q PR0PU<:E5 PHA5E <:HAW&E

(:meltim(5., vaporizatiom;. then temperature

remaim5 <iow5tamx but molecular motiom

be^0me5 le55 ^0m5traiwep, amp more uow-

emer($.y leveu5 "opem up" the heat 5preap5

imto the5e emer^y levels.

*?W'?\C\^-X'? TEUL U^ THAT q MU5T BE APPEP REVCR^IBUV, THAT 1^. THE HEAT ^AN BE 5ENT BA^K

WITHOUT ANY EXTRA EXPENSE OF EMERfi-V. THI^ 1^ PHy^iaUUV IMPO^^IBUE, BUT CtM BE APPROXIMATEtV

A^HIEVEP BV APPIM6 HEAT IN MAWV ^MALU ^TEP5.
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IT 15 MOW P055IBLE TO
^AL^UUATE THE M^OliXTG
ENTROPY OF AMV 5UB5TAN^g.

THI5 15 POME By At?PIM6' UP

ALL THE LITTLE EMTROPY
IM^RE/V\EMT5 THAT PILE UP A5

THE 5UB5TAM^E 15 HEATEP IM

5MALL 5TEP5 FROM ABSOLUTE
ZERO TO 50ME ^OMVEMIEMT

TEMPERATURE, U^UALLV 298°K

(:rOOM TEMPERATURE, 2^°C).

&^

AT 290°K, WE WRITE 5^, THE
^TANPARP ABSOLUTE EMTROPy.

FOR EXAMPLE, FINPIN6 THE 5TAMPARP
ABSOLUTE EWTROPy OF WATER INVOLVED

THE5E ^TEP5-.

^HILL A PERFE<iT IC^ CRV^TM TO
ABSOLUTE ZERO CMOT REALLy P055IBLE,

BUT cm BE POME IM TMEORy;.

^LOWLy APP 5MALL IM^REMEMT5 OF
HEAT AMP APP UP ALL THE EMTROPy
^HAM6E5 FROM ZERO TO 273°\(., THE
MELTIM6 POIMT C^ TRICKY ^L^ULATIOM,
BUT IT cm BE POME/;. THI5 AMOUNTS TO

'Z73°
= 47.04 J/mo\°K

Melt the i^e. water'5 heat of fu^iom

15 6020 J/MOL, amp T= 273°, 50 THE
APPEP EMTROPy HERE 15

6020

273
= 22.0^ J/morK

Heat liquip water from 27?° to
room temperature amp app up the
EMTROPy ^HAM6E5. THEy TOTAL

^290- -'^27?" = 0.09 J/mo\''K

ApP the three 5UBTOTAL5 FOR THE
ABSOLUTE 4TAMPARP MOLAR
EMTROPy OF WATER

^'^Cwater; = 47.04 + 22.£?5 + 0.09

' 70. J0ULE5/M0L°K

wo 100 zoo

TE/»^PERATURE T ClO

400
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5INiE PIFFEREMT ^UB5TAN^E5 HAVE PIFFEREMT MEAT ^APAfilTIE^ AN7 MEAT5 OF

FU^IOW ANP VAPORIZATIOM, DIFFERENT Ayv\0UNT5 OF HEAT MU^T BE APPEC? TO

RAI5E THEIR TEMPERATURES AMP ^HAN6.E THEIR STATES. IM OTHER WORPS,

EVERV SUBSTANCE HAS ITS OWM ^HARA^TERISTIi STANPARP ABSOLUTE EMTROPV.

^UB^TAM^E

4TAMPARP MO-
LAR ENTROPy

ELEMENTAL SOLIPS



BEaU^E EMTROPy 15 RELATEP TO 5UB5TAN^E5' ^0MP05ITI0W ANC? INTERNAL

^TRUaURE, IT 15 P055IBLE FOR A 5y5TE/M'5 ENTROPV TO ^HANg-E WITHOUT AN

APPITION OF HEAT FOR EXAAIPUE:

THE NUMBER OF
PARTId:LE5 IN THE 5X5-

TEM RI5E5 OR FALL5.

MORE PARTI^LE5

fi-ENERALLV MEAN
MORE ENER^-y LEVEL5,

ANP 50 ENTROPy
&0E5 UP WITH THE
NUMBER OF PARTI^LE5.

THE 5y5TEM CXPAWP^ OR COHTR^CT^. IT'5 A WEIRP QUANTUM-ME^HANI^L
FAa (:TRU5T U5.'; that M0LE(:ULE5 firAIN ENER^-y LEVEL5 WHEN THEy INHABIT

A LARGER VOLUME. THEy'RE LIKE [7AN^ER5 WHO ^AN 5H0W OFF MORE M0VE5
WHEN THERE'5 MORE 5PA^E ON THE FLOOR.

THI5 EFFE^ EVEN HA5 A

FORMULA. IF A &A5 EXPANP5

AT ^0N5TANT TEMPERATURE,

THEN

A$ = RlrxCP^/P)

WHERE P^ 15 THE INITIAL

PRE55URE, P 15 THE FINAL

PRE55URE, ANP R 15 THE
6A5 d:0N5TANT

THE 5y5TEM UNPER6.0E5 A CWGH<\CM RCAmON.
A ^HEMI^L REA<:TI0N ^HAN6'E5 THE NUMBER OF
PARTI^LE5 ANP THEIR INTERNAL ARRAN6'EMENT5. THI5

15 50 ^OMPLI^TEP IT PE5ERVE5 IT5 OWN 5EaiON. 50...

y
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Entropy and Chemical Reactions
THE EWTROPy TABLE 15 OWE OF

THE C[\m\^Ti> MO^T POWERFUL

T00L5. IT ALLOWS U5 TO PREPK^T

WHETHER AWy REACTION WILL 6-0

FORWARP OR MOT CAT ^TANPARP

^ONPITIOM^;.

EMTROPy RULE5 THE UNIVERSE. WE'VE ALREAPV MOTEP THAT THE UNIVERSE

&0E5 T0WARP5 MORE PROBABLE, 5PREAP-0UT 5TATE5. EXPRE55EP IM TERM5

OF ENTROPy, THI5 BE^OME^ THE FAMOUS 6E^0NP LAW OF THERMO-
pyWAMI^^, whi<:h ^Ay^ that EWTROpy mu^t in^^rea^e. that i^, for Awy

PRO^E55 WHATSOEVER,

THI5 "OMLy \
pE<:iPE^ )

EVERyTHIN^/ i^^UNIVERSE

FROM THE 5TANPARP ENTROPy TABLE, WE aw
FINP THE EWTROPy ^HAM^E OF THE (^HEMI^LS

INVOLVEP IN THE REA^ION, WHAT WE WILL

aLL A5,y^^^:

C^ 15 A "STATE FUM^ION," I.E., IT PEPEWP5

ONLy ON THE INITIAL ANP FINAL STATE OF

THE PROCESS ANP NOT ON THE STEPS IN

BETWEEN.;
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A5 AW gXAMPLE, C0U^IU9R THE HABER PROCG^e> AT ^TAMPARP (iOMPITlOW^-- 5UPP05E
WE HAVE A MIXTURE OF M^, H2, AMP MH,... THE PARTIAU PRE55URE OF EA(iH &A$ 15

1 ATM, AMP T = 290°<. P0E5 THE REACTION M, + 3U^ 2MH, &0 FORWARP?

FIR5T COMPUTE THE ENTROPV ^HAN&E OF
THE 5y5TE/M, I.E., THE MIXTURE OF 6A$E5.

A5^y^ = 5^Cpropu<:t5;) - ^^Crea^tawt^;

= -190 ^/"K

(ME6ATIVE.'
LOOXr^ BAP..

-^^j^;

WOT $0 FA5T.' REMEMBER, IT'5 THE EWTROPy
OF THE ENTIRE UNIVER6E that mu^t
RI5E, WOT THE EWTROPV OF THE ^X^TEM.

WE AL50 HAVE TO ^U^ULATE THE EWTROPy
^HAW^'E OF THE ^URROUMPIN^^.

*^'uNIVER«e ' ^^W^TEM ^ ^'«URR0UMPIN6«

BUT

A5,

HEAT <;HAW6'E OF
5URROUWC7lk6^

*URR

THI5 HEAT ^HAW6E 15 -AM WHERE A// 15

THE ENTHAUPy ^HAN6E OF the rea^tiow.

WE 5AW THI5 IW (CHAPTER 5. 50

^'UNIVER^E " ^'^y^TEM ' CA/V/T^

A/y FOR THI5 REA<:TI0W aw BE

REAP FROM A TABLE OF EWTHAUPIE5

OF FORMATIOW. IW FA^T IT'5 TWI^^E

A/Vp OF MH, (9GCM$G THERE ARE

TWO MOUE5 PROPU^EP;-.

A/V = 2A/yp(:MH,)

= (2 A10L;C-45.9 kJ/MOU
= -91.0 kj

50

A/y -91,ggg J

T~ ' 290 °K
= -3(?0 J/°K

THEW THE TOTAL EWTROPy
<:HAW6E A550<:iATEP with THI5

rea<:tiow 15

A5^y^- CAH/T)

= -198 J/°K + 309 J/°<

IT 15 P05ITIVE.' ALTHOUGH THE

^y^TEM'^ ENTROPy FAUL5, EW0U6H
EWER^y 15 5PREAP IW THE 6UI?-

ROUMPIM66 TO AUUOW THE
REA^IOW TO 60 FORWARP.'

IT'5 AWAU06'OU5 TO 5WEEPIW6. UP BRO<EW (5;UA55. THE PRO<iE55

^0W^EWTRATE5 EWER^y WITHIW THE 5y5TEM, BUT THE RE5T OF THE
UWIVER5E HA5 TO 5PREAP OUT EWER&y TO ENABLE IT TO HAPPEW.
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THE ^AME APPR0A<:M APPUIC5 TO ANY REA^-

TIOM AT ^OW^TAMT P AMI? T IF A/V 15 THE

REA<:TI0M'5 EMTHALPy, THEN

A^^URROUNPIM&5 * -AAt/T.

THE TOTAL EWTROPX 15

WHI^H BE<:0ME5

THI5 15 THE TOTAt 6PRCAPIN6 OF ENERGY
IM THE UNIVER5E A5 A RE5ULT OF THE REAaiON.

you MI^'HT CMi IT THE )

5y5TEM'5 ENTROpy /
FI&HTIN6- WITH THE /

EWTHAUPy.' /

By THE tPEFlNITION OF EWTROPy, THE TOTAU AMOUNT OF ENERGY 5PREAP 15

TA5u^j,vER^E. WE 5Ay THE rea<:tiom HA5 A FREE ENERGY ^HAN6E OF

-TA5y^„vER^g. THI5 UA5T EXPRE55ION 15 aiLEP A6, AFTER THE AMERI^N

^HEA1I5T J. WILLARP 6^1885 O0?9-19f7?;. MULTIPUyiMg. THE LA5T EQUATION By -T

6'IVE5 THI5 VALUABLE EXPRE55IOW FOR A6:

AG = AH - TASSYSTEM

A REAaiOM 15

SPONTANEOUS
WHEW A5>^, IN

OTHER WOR175,

WHEM A<7 < C?.

EQUILIBRIUM ^0ME5

WHEN Lip = C.

NOTE THAT A6 15

PE5^RIBEP 5TRiaLy

IM TER/V15 OF THE
5y5TEM, NOT THE
5URROUN17IN6.5.
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A6. RCPRE5ENT5 THE NET AMOUNT OF ENER^-V THAT ^N POTENTIALLV BE

^APTUREP A5 WORK WHEN IT 5PREAP5 OUT IN FA^, iO\) <:AN THINK OF THE

6>m^ FUNaiON A^ THE MAXIMUM AMOUNT OF WORK that ^an be

PONE By THE REAaiON.

a5 we'll 5ee next
<:hapter, free ener&v
^an be harne^5ep to
PU^H ELE<:TR0N5

THROUGH A WIRE.

rzr:

you ^N THINK OF THE TWO TER/M5 IN THE 6.IBB5 FUN^ION 6-RAPHiaLLy:

A/7 1^ THE <:HAN6E

IN THE &ROUNP
^TATE-THE LOWEST
ENER^y ^TATE-
BETWEEN REA^ANT^
ANP PROPVCr^. THI5

refle<:t5 ^han6E5
in the 5tren6th of
^HEMiaL B0NP5.

REA<:taMT5

A/V

PROWCT^

/hean$

PR0PU^T5'
6R0UNP
5TATE 15

HIGHER.

-TA5, THE ENER&y
A550<:iATEP WITH THE
$y5TE/V\'5 ENTROPy
^HAN^E, REFLE^T^

^HAN6.E5 OF <.E. •^TATE^

BETWEEN REA^ANT^
ANP PROPUa^, I.E.,

PIFFEREN<:E5 of 5IZE,

$HAPE, ARRAN(^EMENT

OF MOLE^ULE^, ET^.

REA^TANT5 PR0PU<:T5

tA> mm^
PROWCT^ HAVE

MORE EMER^y
LEVEL5 TO FILL.
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WHEN 15 A R^^CTIOU 5PONTAWEOU5? IT HCLP^ TO PI5TIN6UI5H AMON& FOUR C^^Qi>,

PEPENPIN^ ON THE 516-1^5 OF A/V AMP A5 CMEANIN& ^^^v^tem^-

AH < d? gXOTHERMI<:

A5 > £7 ^y^TEM ENTROPy IW^REA^E^

A6 1$ ALWAV^ ME6ATIVE. THE REAaiON

1$ ^POWTANEOU^ AT AKiy TEMPERATURE

TA5

REA^TANT^ PROPUiT^

TEMPERATURE

A/y

ENER6y ALWAy^
^PREAP5 TO
MORE UEVEU^.

AH > £? ENPOTHERMI^

A5 > C ^y^TEM ENTROPy IW^REA5E5

L(7 <0 WHEN AH < TA5. TA$, THE

EWER^y $PREAP OUT gy THE 5y5TEM'5

EMTROPy RI5E, MU5T EX<:EEP AH, THE

EKlER(^y PRAWKI FROM THE 5URROUNPIN6^.

SPONTANEOUS FOR T > AH/A5

TA5

AH > c enpothermk:

bA <0 SySTEM ENTROPy PE^REASES

L(? 15 ALWAyS POSITIVE. THE REA^ION IS

NEVER SPONTANEOUS. THE REVERSE REACTION

IS ALWAyS SPONTANEOUS.

REAiTANTS PROPUaS

TA5

ENERGY NEVER
"UNSPREAPS" TO
FEWER LEVELS.

AH < C EXOTHERMI<:

tA < SySTEM ENTROPy PEiREASES

TA5 IS THE ENER^y LOST BE^^AUSE OF THE

SYSTEM'S ENTROPy PROP Lb < ONLY WHEN

THE REA^IOM RELEASES EVEN MORE ENER^^y,

I.E., AH < TA5, OR WHEN T < AH/A5.

SPONTANEOUS ONLY FOR LOW T

LOW T NO HI6H T, yes
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IN OTHER WOR175, THE COfAPOHGUTy Of THE 6lBB^ FUWaiOM, A/V AMP TA^,
PREPia THE TEMPERATURE RAN6.E WITHIW WHI^H A REACTION WILL TAKE PUA^E

5PONTAMEOU5Uy--PROVIPEP THE REACTION HAPPEM5 AT ^OW^TAMT T AMP P

A REA50MABUE

A5^UA1PTI0M-

50METIA1E5/

IM THE HABER PRO^E55, A5 WE 5AW, A^ < 0, 6.f^ < 0, 50 RAI^IM^- TEMPERATURE
Ai^TUALLV INHIBITS THE REAaiON.* ^HE KEV IN THAT a^E, A5 LE tHATELIER

5AW, WA5 TO RAI5E THE PRE55URE.;

*EVEM ^O, IT'5 PONE AT FAIRUy HI6H TEAIPERATURE 9£CM6£ Of
THE FASTER KlkETIi^ AT HI6H T
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TO APPLV (S-IBB^ FREE ENER<^y, WE BE<^IN WITH A REACTION AT ^TAMPARP

^ONPITION^, AMP THEM TWEAK THE 6IBB5 FUM^TION TO REFUEL ^HAM^E^

IN PARTIAL PRE^^URE^ OR <:ON^ENTRATION^.

EVERV 5UB^TAN^E HA^ A

6TANPARP FREE ENERGY
OF FORMATION ^S^?. thi5 i5

THE FREE ENER^V ^HAMfi-E WHEN
THE ^UB^TAN^E 15 MAPE FROM
IT5 CONSTITUENT ELEMENTS AT

STANPARP CONPITIONS. IN

OTHER WORPS, IT IS L(p OF

ELEMENTS substan<:e

NATURALLY, (CHEMISTS HAVE

COMPILEP VAST TABLES OF
THESE. HERE IS A LITTLE ONE.

SUBSTAM^g



L£T'^ WRITE t^y^ TO IMPK^ATE THAT OUR REACTION TA<E5 PLA^E AT $TANPARP (JOWmOW)
CT^29e''<, P = 1 ATM;. what happens whew we ^HAN6E PRE55URE?

WHEM A &A5 CUM6>£^ PRE^^URE AT COU-

$TAKiT T FR0A1 AN IWITIAL PRE55URE P^

TO A FIWAL PRE55URE P, THE ENTROPV

^HAM6E OBEV^ THI5 EQUATION

(fOFFEREP WITHOUT PROOF-^ORRy?;-.

A5 = R ln(P^/P) CR THE 6A5
^0N5TANT;

( REMEMBER,
EXPANSION

1 IM(iREA5E5

I EMTROPy.'

THE PRE$5URE ^HAN^E IMV0LVE5 WO HEAT

TRAW5FER: A/V = £?. ^O THI^ PR0<:E55 CI-E.,

THE PRE55URE <:HAW(^E} HA5 FREE EWER^V:

$0
^p-^'^P = A/V-TA5 = -TA5 = -RTlaCP^/P)

^'F
= (^V RTlnCP^/P) = fi'^'p + RTlnCP/P^)

=
^'^F

+ RTIrP

CBE<:AU5E P^ = 1 AT ^TAWPARP ^OWPITION^;.

EX^ELUEWT.' WOW LET P VARV ANP ^OW^IPER
REA^TIOM^ AT ^OW^TANT T = 290°I<C. THEW

A6 = 6f(PR0PU(:T5) - ^pCREACTANT^)

WOW LOOK AT AWy WPOTUETlCM
REACTION WITH BALAW<:EP EQUATIOW

aA + bB ^=^ cC + dP

AWP A55UME A, B, ^, ANP P ARE ALU ^'A^E^

THAT REMAIW MIXEP TOGETHER, WITH PAR-

TIAL PRE5$URE5 P^, Pg, P^, AMP Pp. THEW

A6 = 6,^C?R0QUCT^) - fi-pCREA^TAMT^

= 6^p(PR0P) - 6^p (REAO + RT( c InP^ + d bPp - a hP^ - b InPg

)

p c p d

= Afi'^ + RT
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Equilibrium Again

Q =
P c p d

p a p b

15 aUUEP THE REACTION
PUOTIEMT. Q 15 5MALL

WHEN PR0PLI<iT5 ARE 5<iARiE

(iOMPAREC TO REAaAWT5,

ANP LAR6E WHEN VI^E VER5A.

IF A, B, ^, AMP P ARE

I7I550UVEP ^memi<:al5, we
aM AU50 WRITE

Q =

ANP IT REMAIW5 TRUE THAT

A6 = A6'^ + RThQ

NOTE THAT A& < ^ IF <? 15

5MAUL EMOU^'H, ANt? LG >
IF C? 15 LAR6.E EMOUfi-H, THAT

15, IF L0T5 OF C ANt? P ARE

PRE5ENT

EQUILIBRIUM 0^^UR5 WHEM L(? = O, OR

RTlnQ = -L(p°

OR

Q = e C-A^'^/RT)

eq

THI5 15 A ^GCOW PERIVATIOW OF THE

EC?UILIBRIUM <:0M5TAMT! IT 5Ay5 THAT AT

EQUILIBRIUM, THERE 15 A iOW5TAMT K^

5U^H THAT

AMP 5IMILARLy FOR PARTIAL PRE55URE5.

EVEM BETTER, MOW WE ^AM ^^ALiiULATE

K^q FROM 5TAMPARP FREE EMER6IE5 OF

FORMATION, WITHOUT EVER RUNNING THE

REAaiON.'

,(-A6^/RT)
eq

CAMP REMEMBER, IM THI5 EQUATION

T = 290°KJ
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JU^T FOR FUW, UET'^ 5EE IF WE aw
^AL^ULATE THE lOMIZATION ^OM^TAMT OF

WATER IN TMI5 WAV.

H^O (1) ^=^ H^Caq) + OH'(aq)

A6''' = 6^p(PR0PUa^) - fi-'^pCREAaAWT^)

FROM THE TABLE-.

^^pCH^O (D; = -2?7.10 kJ/mol

&^pCOH-(aq); = -157.29 kJ/mol

^^pCH^Caq); = O

mmwG\ IT

WORIfEP.'

OF ^0UR5E
IT WORKEP...

^O

L

A6^ = -157.29 -C-2?7.10) = 79.09 kJ/mol

= 79,09d? J/mol

cq
(-A6''/RT)

C-79,990^)/C9.^^iA'>(.^99')

= 9.9 X 1^-^^

OR ^L05E EMOU&H.'

^*^

= w-'^

F you THIMK THAT'^
^WOCK\nG, WAIT UNTIL

you 5gc THI4...

2^0



Chapter 1

1

Electrochemistry
\

V\ IN WHI^H Ufi'MT^ BLAZE ANP BEUL5 RIN6, ^/
UWTIL THE BATTERV RUM5 POWNi... /

©
©
©
©
©

©

o ©

|W THE
LA^T CHAPTER,

WHEN WE ^AIP

EMER&y ^OULt?

BE EXTRA^EP
FROM CWmtCM

REAaiON^, WE
^E^RETUy HAP A

CERTAIN K:IMP OF
ENER/J^y IM Ml MP-.

EWER^-y.

e^^o®

REAaiOM^ THAT MOVE EUE^ROM^ AROUMP, yOU MAy RE^LL FROM

CHAPTER 4, ARE <iALUEP REPOX REAmON^. REPOX REA^ION^

TRANSFER ELE^ROW^ FROM OWE ATOM TO ANOTHER, AMP WE

WOUUP LKE TO MAI^E THAT TRANSFER HAPPEW By A ROUMPABOUT

PATH, PA^5IN($. THROUGH A UI6HT BULB, FOR IM^TAN^E/

©
©
©
©®

2^9



Redox Redux
RCPOX 15 5H0RT FOR RgPUmOM-OXIPATIOW. IW A REPOX REA^TIOKi,

THE ATO/Vl P0WATIN6 THE ELE<:TR0W5 15 OXIPIZEP. AMP THE OME ^CC^VTIUC,

THEM 15 REPU^EP.

OXIPATIOM
REPUaiOM

AW AT0M"5 OXIPATIOW NUMPCI? i5 the
NUMBER OF EX<:E55 ^HAR6'E5 PUE TO THE

L055 OR &AIM OF ELEaR0W5. FOR IM5TAM^E

CW. + 20.
/

-4

'4

\

+1

I I \
2H^0

+4
/

+1

\

-2

A REPUaiOM AUWAy5 )

RCPU^g^ THE /
OXIPATION mm^R'.

J

OM THE UEFT 5IPE OF THE EQUATION, OXy6EW'5 NUMBER 15 ZERO. EA^H OXV^EN
ATOM TAI<:E5 on TWO ELE^TR0N5 ANP 50 15 REPU^EP TO -2. THE5E EI6HT

EUE<:TR0N5 C2 X 4; ^OME FROM aRBON ANP OXIPIZE IT FROM -4 TO +4.

HyPROfS'EN 15 NEITHER OXIPIZEP NOR REPU^EP.

21^



IM CHAPTER 4. WE ^AW OXl(7ATION5 PERFORMEP

MO^TLV gy N0N-METAU5 UKE 0Xy6'EW, BUT

REPOX REA^TI0M5 ARE AL^O COMMON AMON^

METAU4 ANP THEIR lOM^. for example,

zmC ^HEP^ EUE^RON^ MORE REAPIUV THAN

COPPER. WHEM Zn A1EET5 A ^u^^ ION, TWO
EUE^TRON^ JUMP FROM ZIN^ TO COPPER, ^u^^

0XIPIZE6 Za, ANt? Za R^VVCG^ U^'

Zn + ^u^^ —^ Za^" + ^u

IF A ZIN^ BAR 15 IMMER5Et? IN A SOLUTION OF COPPER (M) SULFATE,* C\AO^,

THE ZIN^ METAL ^LOWLV 0XIPIZE5 ANP PI550LVE5, WHILE <:OPPER I0N5 PI^K

UP ELE<:TR0N5 ANP FALL OUT OF SOLUTION A5 PURE METALLIC <:OPPER.

' Y

IN THI5 REA^ION, ELEaR0N5 MOVE ^TRAI&HT FROM ONE

ATOM OR ION TO ANOTHER. BUT NOW WE PO 50METHIN6

CLEVER: SEPARATE THE OXIPATION FROM THE REPUaiON,

BUT ^ONNE<iT THE REA^ION 5ITE5 BV A ^ONPUaiNfi. WIRE.

•IT'^ BLUE, gy THE WAY!

211



A Z\HC gAR 15 IM/V1ER5EP IW A 1M kQ\)^0\)^ 50LUTI0W OF Zti504. COPPER 15

IMMgR5EP IM A 1M 50UUTI0M OF Cu^O^. THE TWO BAR5-0R CtCrTROPE^—
ARE ^OMMEaEP BV A WIRE. ELEaR0M5 WILL 5TILL WOT FLOW, HOWEVER,

5IM^E THEy WOULP CREATE A <:HAR6E I/MBALAN^E.

to maintaim

^har^-e balan(:e,

I0M5 A1U5T gE

ALLOWEP TO

FLOW FR0/V\ ONE
50LUTI0W TO

THE OTHER.

50,

50,

In

50.

50.

2+

6ET A^RO^^

;^!J0



WHY PO THE CLKTR0M5 FLOW? BEaU5E FOR THEM IT'$ LKE fMUH&
POWNHILLI THE ELE<:TR0M5 HAVE A lOWCR POT£WTIAL CMER^V AT

THE ^THOPE. TO PUT IT ANOTHER WAV, EMER^V WOUUt? HAVE TO BE APPEP

FROM 0UT5IPE TO PU5H THE ELE^TR0N5 "UPHILL" FROM <:ATH0PE TO AWOPE.

MOTE: THI5 15 AN AMAUO^V
OMLV.' EUE^RON^ ARE MOT

LITERAUUy FLOWING POWMHILU/
JU5.T tO^IM^ ENER^y/

THE REA^TION'^ "PU5H"-THE ENER6'y PROP PER ^HAR^-E-I^ ^LLEP THE VOlTA^E
OR 91GCTR\C POTENTIAL, AE. iT^ umit^ are VOtT^, about whi^h

MORE ^OOt^. A METER OM THE WIRE 5HOW5 THAT THE COPPGR-Z^C REAaiOM

6ENERATE5 1.1 VOLT^. WE Cm HARWE55 THI5 "ELE^^TROM ^PILLWAV" WITH A

LI6-HT BULB OR MOTOR OR BELL. THE ELE^RON^ PO WORK-

THI5 ^ETUP 15 aLLEP
A VOLTAIC CGll, OR
LOO^ELV 5PEAKIN6-, AM

GlGCTRic BATTERY.*

*^TRI<iTl.y 5PEAKIW6., A gATTERy C0H'?t9T^ OF SEVERAL <::EUL^ WIREP IW 5ERIE^.
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bc<:au^e a cnm\CM c^ii pwy^iaLiy ^eparate^ repu<:tion amc? oxipatiom,

^HEMI5T5 LIKE TO THINK: IN TERM5 OF SEPARATE HAtF-R£AmOM6 THAT

PE^^RIBE THE EUE^RON TRAN5FER5. IN THE Z\hiC-CO?PGR C^ll, THE HALF-

REAaiON5 ARE:

OXIPATION: Zri — Zn^" + 2e'

REPUaiON: Cu^"" + 2e"— ^u

WHEN hauf-rea<:tion5 are APPEP

TOfi-ETHER, ELEaRON^ APPEAR ON
BOTH 5IPE5 ANP ^N BE aN^ELLEP--

Zrx + Cu^* + ^- — Za^^ + Cu + ^-

MORE C^mPl^) REPOX REA<:TI0N5 IN SOLUTION ANP THEIR HALF REA^TION^-.

WHEN IRON FIUIN(&5 ARE APPEP TO
A<:iP, THEV REPUTE H^ ANP HVPROfi'EN

&a$ 15 evolvep. cthi5 15 how
re<:reational hvpro^en U5ER5

mape it in the 10th ^enturv/;

HAUF-REAaiON5:

REPUaiON: iH"^ + 2e -^ H^

OXIPATION-. Fe — Fe^"" + 2e"

ON THE OTHER HANP. HVPRO&EN 15

OXIPIZEP By COPPER I0N5:

H^ + Cix^' -^ 2H^ + C\x

REPU^TION: Cu^" + le — C\x

OXIPATION-. H^ — 2H^ + 2e-
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1\9TIH& AE FOR CVERV REPOX

REA^TIOW WOULt? BE TEPIOU^,

BUT IT TURN5 OUT WE ^N
A55I<^M V0LTA&E5 Eq^ ANP E^^p

TO THE HALF-REAaiOW^ AMP
APP THEM TOGETHER.

AC = E^y + Eox -REP

THE V0LTA6E OF ANY FULL REAC-

TION 15 FOUWP BV APPINfi' UP IT5

HALF-REA^ION POTENTIALS. MUCH

MORE CONVENIENT/

SO, FOR INSTANCE,

- Za^^ + 2e-) = 0.76VEo^CZn

-REP^

AE OF THE WHOLE REACTION IS

0.77 + 0.3A = I.I^V

gUT WHERE PIP THESE
NUMBERS COME FROM.

ANVWAV?

WE CAN THINK OF THESE AS THE

OXIPIZEP SPECIES' TENPENCy TO fi^lVE

ELECTRONS AWA/ ANP THE REPUCEP

SPECIES' URfi-E TO PICK THEM UP
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HOW cm WE A55I6M VOUTA6.E5 TO HAUF-REA^TION$ WHEW HALF-REA^TI0N5 MEVER

HAPPEN AUOWE?

THI5 15 HOW: FIR5T, 5IN^E

V0LTA6E I7EPEMP5 ON
<:ON^ENTRATION, PRE55URE,

ANP TEMPERATURE, WE
A55UA1E ^TAMPARP
^ONPITIOM^: T - 299'iC,

P = 1 AT/M, (CONCENTRA-

TION = 1 M. WE CAUL OUR
HALF-F?EACTION V0LTA6E A

4TAMPARP REPUmoM
POTCNTIAU, E%gp. OR

15 THERE ANVTHIN^ THAT

P0E5MT PEPENP ON
TEMPERATURE, PRE55URE,

ANP CONCENTRATION?

IT WILL BE A REDUCTION POTENTIAL, BECAUSE FOR CONVE-

NIENCE WE WRITE Ml HALF-REAaiON^ A6 RE-
PUmOM6. IF A REACTION RUN5 LEFT TO RI6HT IT'5 A

REDUCTION; IF RI6HT TO LEFT IT'5 AN OXIPATION, ANP

'REP
= -E

REPUCTION

O
OXIPATION

FINALLV, WE MEASURE

ALL REDUCTION
POTENTIALS A6AIN5T

THAT OF HyPR06EM,
I.E., THE REDUCTION

WHICH 15 A55l6NgP
A VALUE E'' ^0.

TUG HyPR06EN REDUCTION 15 PONE 9V BUBBLING H^ AT ONE ATM OVER A CATALVST

PLATINUM PIOXIPE, PtO^,, INTO AN ACIP AT pH=C> CAT 5TANPARP C0NPITI0N5,
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'?0m HAUF-REAaiON5 OXIPIZE H^ CE.fir., Cu^^+ ie" — Cu^, WHILE OTHERS

CFe^*+ 2e- ^ Fe; REPUTE H^ AWyTHIMfi- THAT REPU^E5 H"" WIUU HAVE A

NEGATIVE RCPUaiON POTEKITIAU.

HAUF-REAaiON



Example: Lead-Acid Battery.
IM TWE ?ATTERy UWPER

yOUR aR'5 HOOP, THE

AMOPE 15 METAUUI^ LEAP,

Pb(0), OXIPATIOW MU/M-

BER £>. THE CtaUOPG 15

PbC+lV;, IN THE FORyM OF
PbO^. THE ELE<:TR0PE5

ARE I/V1MER5EP IM 5TROW6

THE OXIPATIOM AMP
REPUaiON ^HAW6.E 80TH

ANOPE AMP aTHOPE
IMTO PW+ii;.

THE HALF REA<:TiOM5 ARE

OX: PbCs) + 50/(aq) - Pb50/5) + 2e-

REP: PbO^Cs) + ^0/"(aq) + 4H^(aq) + 2e- -^ Pb'^O/s) + iH^O

PbO,

THE OVERALL REA^TIOM APP5 UP TO

Pb(s) + PbO/s) + l^O^Haq) + 4H^Caq) — iPb^O/s) + aH^OG)

AE = U9-C-^.?5) ^ 1.0AS

CNK gATTERIE5 U^UALLV PUT 5lX OF THE5E <:ELL5 TOfi-ETHER TO A<:HIEVE A TOTAL

V0LTA6E OF 12V.

LEAP SULFATE 15 IM50LUBLE AMP gUILP5 UP OM THE ELE^TR0PE5 WHILE $UIFVR\C

A<:iP AMP THE ELEaR0PE5 ARE ^0M5UMEP V0LTA6E PR0P5...

gUT WHEM THE C^R 15

RUMWIM&, THE EM&IME'5

MOTIOM 15 ^OMVER-

TEP TO QiGCTRlCM

EMERfi-y By THE

ALTERNATOR. thi5

PU5HE5 ELEaR0M5
BA<iK TOWARP THE
BATTERy'5 AMOPE, AMP

THE REAaiOM5 ARE

REVER5EP THE BAT-

TERy RE^HAR6£5.'
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Example: Fuel Cell

A FUEL C^ll EXTRA<:T5 CUE^TRiaU EMER&y FROM A C0m\)9T\0n REACTION ^\)CW t>6

^^^^ + 0^

ONE ICINP OF
FUEu <:euu

iwtropl)<:e^

HyPR0(5.EN AMP
OXy^EW OM

5IPE5 OF A
POiy/VlER

Cpla^-tk:;

membrame.
PROTOM^ cm
PA^5 THR0U(5.H

THE MEMBRAME,
BUT IT blo<:k5

EUEaROW^.

2M^0

aTHOPE

-:i«^^

MEMBRANE

'

THE half-rea<:tiom5 are

REP-. O2 + 4H^ + Ae —* iwp

0^: H, 2H^ + 2e-

water

C''^ 1.2? V

r « $0 THE TOTAL VOLTAfS^E OF THE CGil \^-0R

$HOL)UP BE'1.23 VOUT^.

IM REAL LIFE, A <:ELL &EWERATE5 LE$5

THAM 0.9 v. WHy THE PlFFEREW^E? ONE
REA50N 15 THAT THE <:ELL 15 NOT
1^£?% EFFl<:iENT 50/V1E 6.A5E5 E5<:APE

WITHOUT REAaiN^., ANP THE ^y^TEM

5UFFER5 FROM GIGCTRICM RE5I5TAN^E.

ANP A FULL C>.2V 15 L05T IN OVER-

COfAmC^ THE REAaiON'5 AmVATlOM
CNER^y BARRIER.

r
By THE WAV-IP MyPRO&EN FUEL

MU5T BE EXTRA^TEP FROM WATER

IW THE FIR5T PLA^E, HOW ^AW

you PO^^IBUy Mm more
EWER^y BURNING IT THAM yOU

U^E UP MAKING IT?
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Voltage and Free Energy
CM WE PRCPia THE <:HAN&E IN VOLTA&E

WMEM PRE5^URE5 OR iOM^ENTRATION5

ARE MOT 5TAMt?ARP? THE AM^WER TURM5

OUT TO BE yC5, BEaU5E VOLTA&E 15

M0THIM6. BUT 6IBB6 FREE ENERGY
IM PI$6UI5E.

ON P. 21?, VOLTAfi'E WA5 PEFINEP A5 ENERfi^y PROP PER ^HAR&E, 50 TO FINP

THE ENERfi-y ^HAN&E OF A REACTION, WE MUUTIPUy VOLTAGE By THE AMOUNT

OF ^HAR6E TRANSFERRER:

energy = voltage x charge

$?QC\f\CMiy, IF ONE VOLT MOVES ONE
MOLE OF ELECTRONS, THE TOTAL ENER^-y

PROP TURNS OUT TO BE 96,405 JOULES.*

1 VOLT-MOL e' = 96,405 J

THIS CONVERSION FA^OR,

96.405 kJ/(VOLT-MOL e), IS

<:allep FARAPAV'^ COH-
4tawt, anp written e^. if

A VOLTAGE OF AE MOVES ti

MOLES OF ELE^RONS, THEN

ENER^y PROP = n^AE

THIS REPRESENTS THE MAXI-

MUM AMOUNT OF WOR< THE

CELL CAN POTENTIALLy PO.

•OBVIOU^Uy, THE PERSON WHO PERNEP THE VOLT PIPM'T CONSULT WITH AMY iHEMI^T^, WHO WOULP

PRO?Agl.y PREFER TO MEASURE AE IM UNIT5 OF 1/96,405 VOLT, OR "JOLT^ ANP 6ET RIP OF eV.
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MOW THE MAXIMUM WORK A

RCAmoN cm po 1^ -A6,
WHERE A<7 1^ IT^ FREE ENER^V. AMP

A VOLTAIC ^EUU 15 REALUV A REPOX
REA^TIOM/ IN OTHER W0RP5,

A^ = -a^AE J0ULE5, OR

AG = ^-— V0LT5

THE MINU$ 5I6N 1$ AN ARTIFA<:T OF

OUR DEFINITIONS. VOLTAGE IS THE

5IZE OF THE ENER6.y PROP, WHILE

A6 IS THE ENER6.y ^HANg-E. SO
AE > ^ WHEN Afir < 0. THAT IS, A
REPOX REArnoN 1^ SPON-
TANEOUS WHEN AE > ^.

NER
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IN THE LA^T CHAPTER, WE 5AW HOW
A& ^HAN6E5 WITH ^HAM(^IW6

^OM^EMTRATION^. IF WE HAVE A

REAaiON

aA + bB ^^ c^ + dP

THEM

A^ = A6^ + RTlaQ

WHERE Q 15 THE REACTION QUOTIENT

Q =
[A]TB]^

5IN^E AC = -A^/rc^ at amy

CONCENTRATION, WE FINP

AE = AE^-(RT/neT)laQ

THI5 15 CALLEt? THE NERN^T
EQUATION. 5INCE BAUNCEP HALF

REACTION POTENTIALS ARE REALLV

WHOLE REACTION POTENTIALS

MEASURED A6AINST A HVPROfi'EN

ELECTROPE. THE EQUATION IS ALSO

TRUE OF REDUCTION POTENTIALS EREP'

E... = C^,,-(RT/a^)laQ
'REP

AT EQUILIBRIU/Vl, RECALL, A<^ = ^,

SO AE = ^ AS WELL. THAT IS, WHEN
Q = K^q, THE BATTERV fi-OES PEAP.

\ you F0R60T TO

( PUT 6AS IN THE

V CAR?
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THERE ARE MAWV
APPLiariOW^ OF THE

MERN^T EQUATIOW.

WE'LL L00< AT ONLV
OWE, WHEN pW = 7. (:AT

^TANPARP <:OMPITION$,

REMEMBER, pH = 00 pH

7 15 WHAT WE FiNt? IN

LIVING OR6ANI5M5...

FOR $l/VlPLI(:iTy'5 5AK:E, A55UME H APPEARS A$ A

r£a^ant im the half rca^tiom (uot a

propU(:t;, anp a55Ume all other $pe^ie5 are at

^tancarp 1m ^0m^entrati0m5 or clo^q to it iw

that ^a5e we write the apju^tep v0lta6e a5 e"'-

if the reaction 15

hH*+ aA + bB + ... —. c^ + dP + ...

AMP [A]=[B] = [<:]=[P] = 1. THEM AU FA^0R6
ARE EQUAt TO ONE im the rea^ion

QUOTIENT EX<:EPT THE CONCENTRATION OF H""/

Q =
1

1£?
-7h

= 1£?
7h

50

E^'=E^-(RT/rx^)ln(1d?^^)

= £^-C7hRT/ti^)b(1£?)

BUT lr\(1^) = 2.?, eo THI5

= C^- [(2.?)(:7)hRT/nc5]

NOW A55UA1E h = m , THAT 15, A MOLE OF HVPRO-

6EN 15 C0N5UMEP FOR EACH MOLE OF ELECTR0N5,

WHICH FREQUENTLy HAPPEN5 IN A NEUTRAL ENVIRON-

MENT THEN PLU66IN6. IN ALL THE CON5TANT5 6.IVE5

THI5 5IMPLE EQUATION:

E^' = E^ - ^.41 V0LT5.'.'.'.'/
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Glucose Oxidized
THE 5U&AR 6^i\)60^£, CJt\,^0^, 1^ THE BA5I<: ^-Jijl-J ^^^^^i
nici nc I IPC AMr> a i^cv iki/CPCt7icwT nP y* ^miFUEL OF LIFE AMP A KEV IN6REPIEMT OF
^ELL5. IT 0XIPIZE5 BV THI5 EQUATIOM:

6C0^ + 6M2O

THE HALF-REA^TIOM$ ARE--

0, + 4H^ + 4e- -- 2H,0

6C0^ + 24H^ + 24e- ^ ^,H„0, + 6H,0

(WRITTEN A^ A REPUaiON A5 ALWAV^/;

THE HALF-REAaiON^ BOTH HAVE EQUAL

AM0UKJT5 OF H^ ANP e", ^O WE ^AM U$E

THE FORMULA:

OXy^EM''^ REPUaiOM REACTION 15 IM THE

TABLE ON P. 217, ANP WE ^N WRITE

E^'= 1.2? -.41 = ^.02

V

WE ^AL^ULATE E° OF THE OXIPATION REA^ION FROM FREE ENERfi'V TABLE5.

6^; (kJmoU5.PE^IE5

c,H,A^«q)



THEM THE V0LTA6E PROP FOR THE

WHOLE REACTION \$

= 0.02 - C'OAt)

* 1.24 V0UT5 > ^

THE OXIPATION OF 6rLU^05E 1$

^POMTANEOU^.'.'

"yi-^m

mm RAI5E5 THE QUESTION!. WHY PONT WE AUl. JU4T BUR6T IMTO

FtAMC6? THE REA5^URIN($. AM5WER 15 THAT SPONTANEOUS COMBUSTION IS

STOPPEP By THE REA^iON's AmVATION ENERGY.
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50 FAR TMI5 CWt^VT^R,

WE'VE PE^^RIBEP HOW
TO 6ET ELE^TRI^ITV OUT
OF A C[\m\CM REAaiON...

BUT WE HAVEN'T PI5-

<:U55EP HOW TO 6.ET A

C[\m\CM REAaiON
FROM ELEaRI^ITV.

WHAT HAPPENS WHEN A

5UB5TAW^E 5PLIT5 A5

THE RESULT OF AN

APPLIEP ELEaRI^
CURRENT

ALU/Ml NUM, FOR EXAMPLE,

15 EXTRA^TEP FROM IT5

ORE ELEaROL/TiatLy...

UNFORTUNATELY, WE PON'T HAVE ROOM FOR THE

I7ETAIL5... ANP 50 ELE^ROLV^I^ WILL HAVE TO BE LEFT

FOR ANOTHER PAV, AL0N6 WITH A FEW OTHER T0PI^5

TO BE PE5^RIBEP IN THE FOLLOWING- CHAPTER.
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Chapter 12

Organic Chemistry
IT'5 ALIVE... OR 15 IT?

OF THE WINETy-TWO WATURALLV Od:^URRIN6 EUEMEWT5, 50ME HAVE

^OMMANPEP MORE OF OUR ATTEMTIOM THAM OTHERS; H/PRO^EM, FOR iT5 ROUE IM

A^IP5-, OXy^EM, FOR IT5 REA^TIVITy AWP LOVE OF HVPRO^EM-, gUT OMLV OWE

ELEMENT t?E5ERVE5 IT5 VERV OWN BRANCH OF <:HEMI5TRy: CARBON.
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THANKS TO IT^ FOUR OUTER ELE^TR0W5, CARBON AT0M5 aW BOWP WITH

EA^H OTHER TO FOR/M L0M6. ^HAIN^, WITH OTHER AT0M5 ATTA^HEP TO THE

LEFTOVER ELE^TRON^. THE ^IMPLE^T OF THE5E ^HAIN^ ARE THE HVPRO-
^ARB0N4, WHI^H ^OMTAIN NOTHING BUT ^ARBOM AMP HVPRO&EM.

METHANE

K

Hv

I

I

V

I

H

BUTANE

^. >

ETHANE

M
V

H

W^

f

'^

HEXANE

HvJ

H' ^H PROPANE

\
I

1+

/

I

I

« PENTANE
V

CRDVG OIU 1^ MAPE
MAINUy OF HyPRO^R-
BON$. 5INiE L0W6
^HAIN^ HAVE HIGHER

BOILIM(^ P0IMT5 THAN

^HORT ONE^, OIL

REFINERIES CM SEPA-

RATE rFRAaiOMATE";

THEM BV LEM6.TH ANP
THEN ^HEMI^LLy
"^RA^K" THE L0N6
CHAINS INTO SHORTER
ONES. GASOLINE IS A

MIXTURE OF CHAINS

WITH 5 - 10 CARBONS

(:o(:tane has e).
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HVPROaRBON^ UK9 TH05E OM THE PREVIOUS PAfi'E, WITH 5IW6LE B0MP5

ONUy, ARE <iALUEl7 AIKANC4*. A POUBLE BOMP TURKIC AM AKAWE INTO AN

ALKgNE, ANP A TRIPLE BONP /MAKE^ IT AN AUlO^Ng. INPIVIPUAL /V10LE<:ULE5

ARE NAMEP A^ORPIN^LV.

U 1 H



THIM&$ ARC EVEN MORE FUM WHEW OXV^EW ANP MITR06'CW 6ET IWTO THE MIX.

IF A ^HAIN HA5 AW OH, IT'5 aUUEP
AN ALCOHOL

V^

WITH A <:00H 6R0UP, IT$ A ^RBOXyLIc:

A^IP. (OUiy THE HVPROfi-EW ^0ME5
OFF, MOT THE WHOLE OH).

u
\

t

O
^"O-B

NH, MAKE^ IT AM AMINE.

-hA

TWO <:HAIM5 LIMKEP By OXy^EM FORM
AM ETHER.

I* M W

ALPEHVPE^ uooK liice thi5:

I

H

AMP THI5 15 A KETONE:

a

w

AMP POM'T F0R6ET E^TER^, WHI^H
5MELL MI^E.

O

THI5 OME, CTHyi FORMATE,
5MEUL5 LKE RUM...

Hv
M

-o^#-#:
o

//

V V
AMP PEMTyU ACETATE

15 "BAMAMA OIL."

\4 O H « »^

K I* t* K '^ 4

(
\ ^H

Mix

2?^



^ARBOHVPRATK rMVPRATEP <:arbon5"; have exa^tuv twi<:e a5 mamv

HyPR06.EN5 A5 OXy6EM5.* THAT 15, THEIR fi-EMERI^ FORMULA 15 ^^CH^O)^. THE

5IMPUE5T EXAMPLES ARE 6U6AR^, LKE Gl\)CO^^, ^6*^12^6 •

H'Ct ^^,

AUPHA-6LU^0$E H-O^ ^p,

^
i O H O BETA-

HERE ARE THE TWO MAIN 6.LU^05E I50MER5. IN gETA, THE OH 6.R0UP BE5IPE

15 ON THE ^AMC 5IPE OF THE RINfi. A5 THE 5IPE ^HAIN. IN AUPHA, OM 15

ON THE OPPOSITE 5IPE FROM THE ^HAIN.

5IN6UE-RIN6 ^W»^ ^
5U6AR5ARE ^^/^ i-tN ^ «
<:ALLEP 5IMPLE ^ •""C>v / V^'# ^Ov I

5U6AR5 OR V '"^
^ •s • Oh H • /"*

RlPe^. 5U^R05E, 0«^^_* ^ ^>V ^_M "
THE iANE 5U6.AR

you BUy AT THE

5T0RE, 15 A

PI^A^^HARIPE
THAT LINK:5 AUPHA-

&LU^05E TO FRU^-

T05E, ANOTHER ^, ..^ ^, w \^^^' v^

5IMPLE 5U&AR. ^Jl ^ u • # Hu y^^^

THERE ARE £UGfniOHi>. PEOXVRIgO^E 1^ iOM5IPEREP A 5U6AR, EVEN THOU6H IT 15 ONE OXyfrEN

5HORT.
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UET'5 5T0P A MOMEWT AMP A^KT 0UR5CLVE$,

Why Carbon and Only Carbon!
WHV 15 THI5 THE OKIE ELEMENT THAT F0RM5 U0M6 ^HAIN5?

6

12.01

14

28.£?9

?2

72.59

<?0

110.7

02

Pb
2C7.2

i>IUCOK VIWCU
5IT5 PEMEATH
TARPON IM THE
PQRIOPIC TABLE,

AL50 HA5 FOUR
OUTER GlUTROm,
BUT WE POM'T
5EE WypRO^ILI^OM

NOR, FOR THAT MATTER, PO WE 5EE
iHAIN5 OF OXy^EM OR NITR06EM.

ONE REASON 15 THAT THE C-C BONP 15

EX^EPTIONALLV 5TRON6. ^RBON AT0M5
ARE 5MALL, 50 THE 5HAREP ELECTRON
^LOUP 15 <iL05E TO THE NUCLEI, WHI^H
ATTRAa IT 5TRON(5.Ly.

HERE ARE 50ME BONP 5TREN6TH5 OF
INTERE5T CRE^LL THAT THE NUMBER5
MEAN THE AMOUNT OF ENER^y NEEPEP
TO BREAK THE BONP.;

BOWP



MOTE THAT THE C-C WW \i> EVEW

$TR0M6ER THAM THE C-0 BONP. THI5

MEAN^ THAT STABLE aRBON <:HAIN^

cm FORM IW THE PRE5EM(:E OF OXV^EN.

H



816-, C0fAPUaT£9 ^RBON M0LE<:UUE5 FORM THE E55EMTIAU IW^REPIENT^

OF LIFE... IN f^Cr, aRBOM ^OMPOUMP^ ARE 50 INTI/MIATEUV IWVOUVEP WITH

LIVING ^V^TGm THAT ^HEMI^T^ REFER TO ALL aRBON ^OMPOUNP^ A5

OR^AWI^. aRWH MAKE5 LIFE P055IBLE.'

LU^KILV FOR ^HEMI5T5, EVEM THE BKS.&E^T M05T HORRIBLE ORfi-ANI^

^0MP0UNP5 ARE ^HAIW5 OF SIMPLER 5UBUMIT5 ATTA^HEC? ENP TO ENP. THE
5IMPLE5T EXAMPLE 15 POLVETHLENE PLA5TI^, C<:H2)„.

THE IWPIVIPUAL UMIT5 OF THE5E ^HAIW5 ARE ^LLEP
/V\0N0/V\ER5 r^lMfi-LE TVPE^";, AMP THE WHOLE <:HAIN 15 A

polymer.

»

\

^v^ ^

POLyPROP/LENE

23A



MATURE''^ POUyMER^ ARE A BIT /MORE WWIM^I^AL THAN TME^E SIMPLE

PLA5TI^5. FOR IM5TAM^E, POLY^A^^HARIPC^ <:OMBINE MAN/ 5U6AR5 EMP

TO EMP. CGIIVIO^^ 1^ FORMEP OF REPEATED UNIT5 OF BETA-&UU<:05E.

./^^

'O 0'

4TAR^H ^0MBIWE5 AUPH-fi-LU^O^E MONOMERS.

V

V
-o.^ .-o^

.^^^'^-. z' •^/-^/ N
•o r^o^

^

PE^PITE THE 5EE/WIW6Ly <:L05E ^IMIUARITV, 5TAR^H AMP CGUV10^9 ARE

VERy PIFFEREMT ^HEMiaiLy. THE 5TAR^H ^HAIM 1^ /WORE EA5IUy BRO<EM

ANP OXIPIZEP A5 BOPy FUEL, WHILE THE T0U6.H FIBERS OF (^ELLULO^E

ARE IMPI^E^TIBLE TO /VIO^T ANI/VIAL^.

C/> ^

^##Si
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Chemicals of Life

LIVIM6 ^y^TEM^ TE£/V1 WITH NON-
REPEATING <:maim5. mohG' the

KEV IW&REPIEMT5 ARE AMINO
A^IP^, ^AlALL MOUE<:ULE^ WITH A

BA5I^ AMIWO &ROVP CWH2;, AN A^IP

^ARBOXVL 6.R0UP (:^OOHA ANP
50A1E OTHER 6R0UP ALL ATTA^HEP

TO THE 5AME ^RBOM ATOM.

FOR $0A1E REA^OM, BIOLO^V FAV0R5 ONLV TWENTY VARIATIONS ON THIS PATTERN.

*'«
I H^Or'^'V^o.. ^^';;i.?o., v^'H ivo-H

^LV^^INE ALANINE W W ^
J|

y\
VALINE

H H H W V\

SERINE
LEUKINE ISOLEU^INE THREONINE

*'-N-;-<^ "-Kl-i-^'-O "-^^-i^<°
«%.f.x «',-i.K^o- '^'.-;-hT-''

\

H

PHENVLALANINE

'0...

TYROSINE TRYPTOPHAN
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H

-.0

I

s
I

H

I

o

H

I

N

uy^iMc

M

\

s

MCTHIONIMC

V

"0^

H K

PROUIME

H .O

M

o'''
'0-„

A5PARTI<: A^IP

M

I

Kl

AR^IMIME

O ^^,, '.

^'hi

^M
HI^TIPIWg

\

^UUTAMINC

/^^

A5PARA6'IME
'

CWrmiC A^IP
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TWO AMIWO A<JIP5 an LIMK UP IW A COUUUTlOhi CMU^Q THE PEPTIPE BONP.

(5

^Q
^M

^^('Q PEPTIPE
BONP

THE RE^ULTIW^ ^HORT <:HAIM 5TILL HA5 MH^ AT OWE EWP ANP tOOH AT THE OTHER,

$0 MORE MIUO MQ^ Cm JOIM TO MA<E A POUVPEPTIPE <:HAIW.

^^

.



^OME PR0TEIN5 $CRVC A5 ^TRUaURAL MATERIAL, BUT M05T ARE ^ATALY^T^ FOR

OTHER REAaiOW^. <:ATALyTI^ PR0TEIM5 ARE ^LUEP EMZYMC^. FOR EXAA1PUE-.

WHEM you EAT ^U6AR, /OUR BOPV MAKE5 THE ENZV/HE RE<:0&MIZE^ THE PARTI<:ULAR

EMzyME5 THAT BREAK ^U&AR POWM... ^U^-AR fAOlU\)l^-

<i1y

NPjy
•^v

ANP aTAUyzE^ THE REACTION THAT

BREAK5 IT POWM INTO 5MAULER PIE^E^.

THE EMZy/ME ITSELF 1^ UN<:HAN6EP IN

THE PRO^E55.

MEAWWHILE, ANOTHER PROTEIN ^UUEP HEMOGLOBIN TRAN5PORT5 OXy^EN THR0U6.H

THE BLOOP STREAM TO <iELL5, WHERE IT ^N OXIPIZE 6.LU^0$E ANP FREE THE ENER^y

yOUR BOPy NEEP^ TO KEEP ^'OIN^.
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r
HOW IW THE ^AIWTEP

NAME OF 6.RE&0R

MEMPEU P0E5 hKi

eopy KNOW HOW to
PO AWy OF THI5?

THE 5E<:RET of LIFE-yOU PIPM'T KMOW yOU WERE 6.0IN6-

TO UEARN IT HERE, PIP yOU?-l^ THAT 0R6AWI^ ^HEMI^AU^

HAVE Fouwp A WAy TO ^TORC INFORMATIOM.

L0M6. M0LE<:ULE5 ^ALLEP MU^LEl^ A^IP^
"WRITE" AMINO A^IP ^EQUEN^E^ FOR PROTEINS
IN A ^HEMI^AL "LAN6UA&E."

<Vx^

RNA, ribonl)<:lei^ a^ip, ha5 a lon^ 5pine of
ALTERNATING PH05PHATE^ ANP RlgO^E 5U(^AR5,

FROM EA(:H of WHI^H JUT$ ONE OF FOUR
^HEMI^AL BA5E5 ICNOWN A^ A, ^, 6, ANP U.

». ^^%-
r

Apenine

V
•-K

^M=<
Uracil

»»v
• -•

EA^H TRIP-
LET OF BA^E5,

OR ^OPON, ^PE^I-

FIE5 A PARTI<:ULAR

AMINO t>l\V. DOPING
5EC?UEN<:E5 ALWAy5
BE6.IN WITH THE
(:OPON AU6, WHI^H
(:0PE5 FOR
METHIONINE. UA6,

UAA, ANP U6A
ALL MEAN

"5T0P."

^yro^iNE

Ft

• -•.
/ *-i

./>^

w-M

^.^l'
*H

-M.

Guanine

THE whole THIN6 LOOK^
LIKE A A1E^^A6E, ANP IT 15

^NOTE THAT HyPRO&EM
atom^ are omittep.;

^y^
if^

'^^

^^.
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THE OTHER WCiGlC t^V?, PNA, PEOXVPIBO-

MU^LEI^ A<:iP, HA5 TWO ^TRAWP^ 5IMIUAR TO

RNA''^ WOUWP AROUNP EA^H OTHER. LIKE

RNA, PMA U^E5 THE BA^E5 A, C, AMP 6,

BUT ^UB^TITUTE5 T (THYMINE; FOR U

-(^
^W

TwyMiwc

THE TWO 5TRANP5 FIT TOfi-ETHER WITH

MIRA^ULOU^ PERFE^IOM: A ALWAYS PAIR^

WITH T, AMP ^ AUWAV^ PAIR5 WITH 6,

HELP TOGETHER BV HVPROfS^EM BONP$.

NV
^ if ^

U

W'h(
^'Nv

.rt-

6

i"
^«^

H

>-W

ONE ^TRANP OF PNA 1^ THE ^OMPIEMCNT OF THE OTHER. IN OTHER W0RP5,

PNA aRRlE5 THE INFORMATION NE^E^^ARV TO RCPROPU^C ITSELF.'//

CTHE A<:TUAU work I^ PONE BV ENZVME^ POWEREP BV REPOX REA^ION^.;

/^ A T



HOW IT t70E^ $0, AMP
HOW ^OPOM 5EQU£M^E5
ARC TRAN^LATEP INTO

PROTEINS, ARE PETAIU5

you WILL HAVE TO FIMP

ELSEWHERE. WE ^Ug-g-E^T

THE aRTOOM 6UIPE
TO ^CMCTI^^...

AMP THERE ARE A lOT Of PETAIL^ IM OR^S-AMI^ AMP glO^HEAII^TRy, MO EMP TO
THEM, IM f^Cr! MOT TO MEMTIOM PW^ICM, MU^LEAR, EMVIROMMEMTAL, MAMO-,

AMP ALL THE OTHER BRAM^HE5 OF C[\mi^TRy. VE^, REAPER, THE TIME HA5

^OME TO REFER VOV TO MORE APVAM<:EP <:0UR5E^, AMP TO ^0M6.RATULATE

you FOR &ETriM6 THROUGH THE BA5I<:5/ 'ByE/

'^X>
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Appendix

Using Logarithms
IN ^OME OF OUR ^HAPTER$, WE U^E A

MATHEMATiai 5H0RTHANC? ttLUEP

LO^ARITHM^ COR L065, FOR 5H0RT;.

THE LO&ARITHM 1$ A <:OWVENIEMT,

COIAPhCT WAV OF WRITIM6 A MUMBER.

FOR IM^TAM^E, IN5TEAP OF [M^] = 1^ ^
WE WRITE pH = 7. pH 15 A LOGARITHM.

A LOGARITHM 15 AM EXPONENT THE COMMON LOGARITHM OF A NUMBER M,

log M, 15 THE EXPONENT TO WHI<^H \0 MU5T BE RAI5EP IN ORPER TO EQUAU M:

1^" = N 15 THE 5AA1E A5 a = log N THAT 15,
^0^°'^^ = M

50 log 1(? = 1 ANP log 1 = ^ ANP log ICC = 2 C5IN^E IC^ = 1, 1<?^ = ICC;.

AMP log 72.? = 1.05914 BEaU5E 1^'^^^'" = 72.3 C^HE^K IT ON /OUR CMCVl^TOR.)

I U5EP

( OFTEN IN

\ .CHAPTER 9.'

KEY FA<:T: when NUyVIBER5 ARE MULTIPLICP, THEIR

L06ARITHM4 ARC APPEP.

log MM = log M + log M

THI5 15 BEaU5E \0''\0^ = 1^^"''''^ IF M = Id?" ANP

W = \&', THEN MN = \0^\0^ = 1C^"^^^. 50 a+b = log MM,

BUT a = log M ANP b = log M.

5IMILARLy

logCM'') = p(logM)

log (— ) = -log M

BEaU5E THI5 15 HOW EXP0NENT5 BEHAVE:

1W =
1£?"

yo"^ = ac")''

24?



log N 6IVC$ U5 A ROOM IPCA HOW gl6 M 1^. THE WHOLE-MUMBER PART OF THE

lO&mTm 6'IVE5 M"'^ ORPER OF /MA6NITUPE.

log 1,294 = 3.0913

log 1.2?4 = d?.C91?

log 1,234,C?OC? = 6.£?913

log CaXiC") = n +• log a

THERE'^ A 6>00V ONLINE aUULATOR AT

http://www.5quarebox.co.uk/desktop/scalc.htTnl

Natural Logarithms
COfAfAOl^ L0&^ HAVE BA5E TEM. THEV ARE EXP0MEMT5 OF 10. 50METIME^, THOUGH,

THEV ARE UE^^ iOWVEWIEWT THAM "NATURAL lOC^W FOR IW^TAW^iE, WHEM A

QUmVTV CWkHG^'? AT A RATE PROPORTIONAL TO IT5ELF THAT 15, AT TIME t,

r^Ct) = kA^^

THEN IT'5 PO^^IgLE TO 5H0W THAT THE QUANTITY A^ 1$ AT ANV TIME t 1$

At = A^e''* WHERE A^ 15 THE INITIAL AMOUNT OF A, ANP e = 2.71020

THEN e^^ = A^/A^ ANP WE WRITE kt = In (A^/A^, THE NATURAL LOGARITHM
OF h^/hp. THE NATURAL L06 OF ANY NUMBER N 15 THE EXPONENT TO WHI^H e

MU5T BE RAI5EP TO MAKE M.

M = In M MEAN5 THE 5AME THIN6 A5 e'^ = W

BE^AU5E e"e'' ~ e^'^''^\ ET^., THE NATURAL L065
OBEY THE 5AME F0RMULA5 A5 COH^H^O^^ L0&ARITHM5.

In MM = In M -I- In N

ln(1/M) = -In M

In CM") = n In M

IN FAa THE NATURAL LOGARITHM 15 A ^OM^TAMT
MUL-TIPUE OF THE CON[tAO\'\ LOGARITHM.

In N - InCI^'"^*^) = (log NX In Id?)

In 10 = 1.30159'?..., 50

In N = 2.?^2505 log N
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Index
absolute entropy, 196-97

acids and bases, 165-90

buffers, 185-89, 190

conjugate pairs, 166,167,

186

equivalent weight of, 178

neutralization, 177-80

activation energy, 151-54,

219,225

air, 4, 10,98

alchemy, 5—6

alternator, 218

amino acids, 236—38, 240

ammonia, 59, 163, 167, 176,

179

amu (atomic mass unit), 25, 72

anions, 20, 41, 43, 50, 212

single-atom, 48

anode, 19,212,213,218

Aristotle, 4-5, 1

1

atmospheric pressure, 7—8,

111,142

atomic mass, 24—26, 28

atomic number, 25-27, 40

atomic size, 39

atomic weight, 11, 12, 15, 26,

112

atoms, 4, 13

atomic theory, 19-44

atomists, 4, 13

atom building, 34—39

bonds between, 45—66

electron affinity, 41—44

electronegativity, 47, 48, 54,

56, 62, 63

ionization energy, 40

net charge, 78

oxidation number, 79, 210

See also electrons

attractions, 106-28

Avogadro's law, 112

Avogadro's number, 72

balanced equations, 70-73,

81

bases. See acids and bases

battery, 19,213,218,222

boiling point, 109, 119-21

carbon chains, 228

dissolved material, 139

heating curve, 126—27

helium, 125

bomb calorimeter, 96

bonds, 45-66

carbon atoms, 228, 232

potential energy in, 87

solvation, 131—32

strength of, 108,232-33

See also intermolecular

forces

Boyle's law, 1 1

2

Brand, Hennig, 5

buffers, 185-89, 190

bystander ion, 180

calorimetry, 96-100

carbohydrates, 231

carbon, 14,34,47,82,227,

232-233

atom, 21, 24, 25, 228

hybrid orbital, 60

oxidants/reductants, 80—8

1

phase diagram, 125

valence electrons bonds, 58

carbon chains, 228-4

1

catalysts, 153-54,239

catalytic converter. 154

cathodes, 19,20,212,213

cations, 20, 182,212

Celsius scale, 88

Charles's law, 112

chemical bonds. See bonds

chemical reactions, 8-12,

67-83

activation energy, 151-54

alchemy as, 5-6

catalysts, 153-54,239

defined, 2

electricity from, 209-26

as energy transfer, 89-104

entropy and, 1 98-206

fire as first, 1—3

free energy, 205

higher-order, 155-57

hydrolysis, 175

rate of 141-64

redox, 76—77

reversible, 158-59, 195,207

solutions and, 1 29—40

spontaneous, 201

collision theory, 146-52

combination reaction, 69,

146-52

combustion, 1 1 , 68, 69, 77,

219

heat of 103

spontaneous, 225

compounds, 11-13,79,229

concentration, 133-34,

142-43, 164, 168-69,

182

condensation, 1 18—21

coolants, 94, 95, 117

copper, 3, 93-94

zinc reaction, 14,212-13

corrosion, 6, 77
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covalent bond, 54-58, 62-63,

65

strength of attraction, 108

crystalline structures, 48—51

of carbon, 125

covalent bonds, 57

of ice, 123

ionic bonds, 48-51, 64

metallic bonds, 51, 52-53

current, electric, 19, 53, 226

Dalton,John, 13

decomposition reaction, 69

Democritus, 4

dipoles, 106—7

dissolving process, 129-40

acids and bases, 168-69, 184

freezing/boiling points,

138-39

saltsinwater, 129, 130, 182

DNA,241
double bond, 56, 58, 61

double-displacement reaction,

76

dynamic balance, 158—59

elasticity, 110

electric cells, 2 1 1 , 2 1

2

electric potential, 213

electricity, 17-44,209-26

attractions/repulsions, 90,

106-28

metal conductors, 53

See also negative charge;

positive charge

electrochemistry, 209—26

electrodes, 20,212,218

electrolysis, 19, 20, 226

electromagnetic radiation, 87

electronegativity, 47, 48, 54,

56,62,63

electrons, 20, 21, 24, 26, 28-44

afEnity, 41-44

bonds, 47, 52, 54-58, 63,

232

dipole attraction, 107

ionization energy, 40

metal, 52, 53

orbit, 29-33, 36, 60

outer, 39, 40, 56

paired, 58-59, 61

particle/wave, 28, 30

redox reactions, 77—81, 103,

209-19

rule of eight, 43-44, 61

sharmg, 57, 58-59

shells, 31-39

electropositivity, 47, 48, 54,

62

electrostatic attraction, 48

elementary reactions, 156, 157

elements, 12-16

ancient four, 4, 10, 11

atomic number, 25

carbon's uniqueness, 232-33

charge extremes, 62

grouping of, 36—37

isotopes of, 25

Hst of 27

oxidation number, 78, 79

periodic table, 15-16,38-44

empirical formula, 49, 68

emulsion, 132

endothermic reactions, 99,

102,116,122,151

energy, 26, 30, 31, 39, 85-103

activation, 151-54,225

collision, 150-51

conservation law, 86

electrical, 209-26

quanta of 30, 194

spreading out of, 194,

195-202

transfer of, 89-104

enthalpy 98-99

change, 131,200,201

of formation, 100-104, 116,

122,205

entropy 195-206

enzymes, 239

equilibrium, 118, 124,

158-64,201,222

acids and bases, 165-90

equilibrium constant, 160—61,

175, 182
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