® 2 B =

2025 4F B

ML H
Eﬂ ¥ DB ﬁﬁ EE
(B« WpHR « 3B « =)
B BB ~11R— Y AR5 K
WIBESERl D B 2 = U W12~ 21 N — ¥ AR B 1R W 4
= i

b 27 B} EEE22~33— Y R 31K
HEWERL © EYI3A~44 R — ¥ fRE I 5 #

= = IF
1 R, BEED [WEGY | OfEREdT 2 EThlbaw &,
2 [EEM RS RIS A D b - 125 LS T &,
3 MEMKOE~<—VIEMIL, ThTNZBES (REOX—VId, A4 2 EH),
RAUZELSTTHLAST B L. B, WERR PR OB EWERRZR<) 3 EET
HELTHEOT, IDNSTWHET L L.
B, I XTIFERMOPTEMICEEAT 5 2 &,
REVN D EZ2F VI &d, ZABMOREEZINETEI LMD 5.
RO EMIEEHEFICHER L T L0, L,
HEROZREL, [HF0H 1MPrOHIM] FTa@Edsl L.
MIBPRIOZBE S, [HFEOHE 1) & TPl 2RE5+sC L.
ILEROZEE L, [35E] 25T 5 L.
10 EYEROZBRE L, 4V 25452 L.
11 EEMFORARTESMEHL T LW,
12 [HREM TSRS C L.

© o0 N o o1 b



[ & & Ik

FLEA - 2 HRE AR )

GTEMFT) 6-~<—2 #30 347H70

| Aner T DARB DR T2 5RO & 70 5 BHK

A 13 1 F T SEECE SRR B R DR R T2 5 588K
DIF & 722 BRI

] B A 2

FHEA B HPEEE (WE)

K

=

AEEHELEOTHRET S L,

foiL/\ gﬁlﬁnﬁ\ %2'5'5 (FlnlﬁZ)\ %3&5 (Flnﬂig 'Ftﬁ4 'Ftﬁ7)
IZONWTIE, BRZDOHTH L,




C =)



0 A CHeERE - D
£ 1 B (1005

k>0 255, oy T EOES y = ke + % v,y BB X O
v =1 THENLESE o« Bk b IZEE L TTE 2 KRS K &

T5. 2O EROMWIZEZR K.
M1 K OFEE V(k) e 32L&, V(k) 2 kO TEE.
M2  V(k) D k>0 QHIFTORIMEE ZDE 2D k DfEZ KD X.

M3 K ORMEEZ S(k) T2 E, WRE
V (k)

lim ——=

o S(R)

Bk k. 772U K OREMLIE, vy FH EOE 000,0), A(0, %)
BGQLC@$+%)X£<X%,ﬁ%ACﬁx%@ﬁDKE%L
TTEA3MEOEIES X CH7 OA, #9 BC 28 x B & b 12 Al
LTTE2 2MOMRDEREY HHLEZHDEWNS,



C =)



E54 FOOERD
£ 2 M (10050

i RREEEALE U, O IXERCFHOREERT 5. 3 LEOEE
n IR LT
2 2T

o = CcOS — + 1SIn —
n n

YBE, 0LLE (n—1) BUROEE k1o UL THEZRE o ORITEBELCF
HEDOEZ A, 8235, 2L =182F3. £/, HEHFHE EOD 2
MX, Y IHLTXY T XY OEXERIT LTS, 2O E2XROM

WIZEZ X
1 AgA, & k O THERE.

2  EFEOA) FICEH > 1 2R THP RLE. ok 2%

PAO X PA1 Xowweees X PAn—l =" -1
D DILDZ L Rt
[ 3 F
nl km
n = H <2 sin 7)
k=1
n—1
. TR LB {ap} 1T LT Hak =y XAy X -eee- X 1
k=1
35,



C =)



E54 FOOERD
# 3 M (100D

B {a,} FA TR ZALTET 5.

(1) a; = 2.

(ii) BHn = 1IN LT, ap 1FZFDORRBIEHIHER 2 B OM
CRBBBDIL, a1 = a1 EBALTRNDDH D,

DL ERDOWICEZ L.

FFﬁ 1 ag, Az, Q4 %*@i

2 EBEn>211XLTa,22 k5% RE.

n—1
M3 2218 LTa, > [Jan 8022 2RE. LR LES

k=1

n—1
{ap} 1T LT Hak =] X Qg X - X Q1 &3 5.

k=1
4 (EEOEEH n 2> 2120HLT, a, ZEIDYIZHEE p THoT,
1Sm<n &REZINTOEL m ITHNLTa, 20520
DPIET 5 Z & ZmE.



C =)



E54 FOOERD
£ 4 B (10050

i BRERRALE 2. 0,4, —1 CIZERRLIEREY 2 TR LT, ERB w

>
z+1

1z +1
WEoTEDS., 2D XROMWCEZ L.

11 wlX0,i —i 38R ERE.

2 2| >1THsZl w DEED 0 ED/NZNWZ L EFIETD
52y,

ﬁ:ﬁ 3 %ﬁ%?& w1, Wy, W3, Wy %?

zZ4+1 wy + 1 we + 1 w3 + 1
wlzw:. , 'LUQ:, , w3:. , w4:‘
12+ 1 1wy + 1 1wy + 1 1ws + 1

&:J:OT%@% Wy, W3, Wy %‘f z %)EHL\VC%’H:

14wy, wy, ws, wy DWVTUDLIIRDEN % AT 8 ERE.
HORHEDY 1 DAUR, 22 0fEEH 0 BLE.



C =)



E54 FOOERD
% b M (100D

X[ [0, 7] FomEfeREE f(z) 135K
f(z) = / f(y)cos(z —y)dy (0<a<m)
AT TE, ZOZROBWVIZEZ L.

M1 f(x) 3FEE A B ZHWT f(x) = Acosz + Bsinx DJFITEKE
Nz ezmne.

M2 f(o) \ZEBBE O THEZ L Z2RE.
iz, X [0, 7] EoEkEEE g(x) 13F K
o(z) = / {g()} cos(e —y)dy (0Sx<m)

BAETETE. DL ZROBWVICEZ X.

B3 glz) BFTNTRD k.



C =)



HXA LY XA, IZRIZOWVWTERLTWVWS. _ADEFEEREINTWAXED 2T, |7

il o (EeEeD
= 1 B (9054

WA 7gBm %, |4 |~ ||, || | 27| |3 | Q3B RREE 238, | B2
7o 7%, |7 | Iy Bii %z, A2 U@Emcec Ag . 72721, DERRIZ
{} BB 2HEE, ZOFIHNEINTVIALEOFNLMBERSDEHWTERZS Z L.

HzA

YA

HzA

YA

HzA

THAE | DI —RIZHLT, R1DX5%2FERELE L.
KT B2RED T, —HEEELZIEhz® o< h5lnWT, MU d ZHlE
L7=DTF. X2 3N d, W5l nw=hok&X f Z2RLEDBDTT.

TREFIHAIL TV E TR, I N IEROHEETEBPIDE->TWE I E2EZL L,
T | 7| DFEHIERLTWETA., 77 7088 P TN THhETH, Zx7? ]

(HHORZED f AP TTOKRZIDRHH L 2EDTY. bbb
T T57012, HHILRWEFD 7 73T ERA. ]

[ﬁéﬁg.O<f<ﬂf®7§7®@%kzgﬁmb@éﬁniﬁT?@J
M3V, 20X 51T RERIEEI DK E X L MUh o METE ST, (ZhEEs
PiroTWIUE, BOERET 22T, 3 HOKEZbbhh TF.)

(1
VA
—
0 [ 1+

y >

X 1 4 2



YA

HzA

YA

HzA

YZA

HzA

YA

HzA

YA

HzA

CL2L, POED f ZBATLED EIXRDOMHUL TOKZIMNHBI LD
F3h. REID fo ZBR 23X N2 ZIETERVDOTTN?

X3 %R THFXW. 1 EFICIERER £ D%z M RIiFNCORITFTTWET.
e MEWHORELMREL & 9.

i
7 5
M - I-\/\/\/\/\/\'\/\/V\A/\—\/\/\N\/L-\/\/\NV‘-->
| - — _J
L N
X 3 X 4

A G 2SO, B3 DX 51251< L EDEFRBMIIF LI T34

' 3 TeEz—2DIFRE AL LIEHEDITRERE | A | {{,k,M} £7D %79

(2R 2 DRI G TDOREZXHDLHIT 2HPHHX 1 DIFXR R T
R, BERELTE f |V | EOREZZDNETHETEZ 2DIFI T

3w, K4 X512 N KEFNZORITFZ2ZeEZILNET. N HEHOKRET
ERCW

[SEIZZNZFRDIZRICHIZTOREZXDFECICHED £3 4.

o hd M1 eFACIERZE T 5L, 2 —2Di 3t A% LIGEDIRAE
B | | {l,k,N} T3]

2 ESVWHOHERDHE2DTL X DD ?

X 1oGEeET2e, FCHTHHUED |4 | Fickh 3. 2%, hobd
PIENZIER L CORT I ENTESZDTY. HlZIE N =2 D5E, RO d,
Gl ioRkEX% f e LTR2DZ I ZICERTHC L [H|DESkh 5.

(m5<)



YZA THL, BREHE 03 R%E M BIHNZORWEDD%2 S 51 N HEANZDZW
EHGEREI B TTHh? ]

HZXA 3w, 20858, 2Kt —20 e AR LEGEDIEQERT | X | {I,k, M, N}
B TLED.]

YA [R2EYE. 25T, ZOMERIE, FRETTRIGOYIE, FIZIZEEOHRY
WKHHTEELZ2DTL £ 92

HZXA T[RBOHETH, 5l0EHTOKE X UL HHT 2L, HOE/NWEHIFTH
DZESTY. ZOHBIERE ZDOBDIXREREEZ SR TERVWET.

YZA [XEIIFLEDORWEIRPICHEHTEZELEDS, ZORXRERIBOMHESEZICX-
TEDLDZ DD 34,

HZXA N3V, Z25T3. WHEEZ M FI2522 05013, B x5 ¥ M &EIFORE1Tx
JGL, BEEDB NELWSIDIE, N BHEFOREIIWHIETEEEZ IR TEE T,

X 5

YZA [T HBOEMZODOOMEZELTELE LT, ROBEESTLLI». N5%
ATFXWw., RX L, WHE A OBEZKEX F ONTEI W ZOMUD D /2o
2 LET. RAUEMTESHZBNE X THENMEBOBOIRRERE E L35k
E=|Z7|{L,AF,D} %D %7,




HzA

YZA

HzA

YA

HzA

(20 FE ZEPEMTIREZBL WS Z 2 TTRA. ZOHNMZFERHENMR (SI) TH
T | rckbEd. BERNRERRZ 701, XoZLEZHLTAZL L.

— BHE®%

THFTHIFE 1.0 x 107 m?2, BX 1.0 m, DFREHEL, KEX 1.0 x 102 N O J1TH|
W ZA50x107Am ZIHUEEL:. ZORRENGHETZYHO B |7 | D
HAClk|a|ekrbEd. )

MEDNANWAREMITONTD, D50 E ZHIELTBIHE, ZOEMTIES
NTBEF W2 XD TTOREILHUODEREZERATE 203 TI.)

MR O K E XA 2HELRSMER I ZS5 T, RIEMOREES TR
, REREDFEDIEZTAIILE-TVET.

ME<RoTE X LA



il o (EeEeD
= 2 B (9054

M1 okoiz, BEZERICERE ¢ (¢>0) ORERMZEEL, £hzad 5 FHINIZ,
REMOMENFK O L7225 X512 v Bl y Wiz ERTZ. O 25 y MIDIEDM ZITHE
Bt d Z0BENT-RZE AL, O 26 x BHIOIEDREIC d 2N -R%Z B 35, EX

B —2¢ OREMZ, A»5 B £T, Eff AB iAo TWwo< h eBHIXEL. UTTI,
7 —n rDOFEHOHIERE ky & L, EMNOEREEZERERICE 5.

tHH{

1 EXE —2¢ OREMISN L TESND LEHEZRD K.

iz, K2 DXk512 BIcBE#xE-EBRAE —2¢ OREMZ B KEET 5. xy FH LD
HBHRP OEER (z, y) &T 5.

M2 PIIBIZEMMNOTHIEE, z &yl TREET.
M3 M2cEshzRF, oy FHEHEOHZRT. HOFDLOREEE EEE2RD XK.

M4 AWBIBZESD « e v lmzERke k.

3D &SI, BEEFICEINIZERIR S; OREICESXE ¢ DBEME—FRICEZ, Zh
%, WERCZEADH D BRDE X HATOIRWVERER Sy THl-72. S & So OHFLIE—H
LTED, RoOHPLH»SDHHE r 25 r < a OFIIE S) DER, a <r < b OFFIIEZE
b<r < e DETE Sy DIEAR, ¢ <r DETIEZETDH 2. :@t%miuéﬁ%komf
EZD. 72 L, BEFEICK ST Sy ICWHNZERIE, r<b OBEBBIHEELZH IV
EZTEW.

15 r<a a<r<b b<r=<c c<r DZNFNOHHIZBT 3B LRI EKD X.

16 r<a a<r<b b<r=<ec c<r DFENTHNOHEHPFIIEBITBENMNZKD X.



A A
A A
7 L 29 Y R
P
. °
d T d
- ! - > T — ! 24 >
O’ B O! B
= d "] ~ d "]
1 2
A
C
So
b
Sl a
3



il o (EeEeD
£ 3 B (120545

Het, Li**, Be3t Y, 1HOETFHKE 1 HOEBE T2 ORI NE 1 4 V1iF, HFHD
BLXEDNETES Z W KEFELTERZ 2D, ZOEFRBIKER T HMUELH 2. 20
728, TNHDA I E TKREBFMA A > MREN S, KEBFEMA 4 > TlE, KBRTOD
Ba ERRRDHIET, ETORR L2 EFIREAE 2 & 2 SN2 DAY bLERD
LIEMTEL. INHDAFVIZOVWTUTORWIEZ K. 7272L, ETOEEE m,
BERREE e, BEPTOZ —a Y OIEAOLHIER % ko, 77 > 78R Z h, BZEFDN
DHEI % c T 5. ¥/, HFMEXOKRIC () IKHAENZLERIDH 258, £oHh
LRERDDEHWTEZ K.

FTI7Y 74— RFORFETNMILED T, RTFES Z OKEHLA A B 5%E
DIFINF—%2FEZ LD, TOETATE, R1DXSWIER +Ze DIRTFEORED %, &
fif —e OBFONHEr, X v OFHMEFZ L TN0DEHDL T 5.

1 HEMEE T 2B FOEHAGELET. (Z, m, e, ko, r, v)
12 BrFoHEElz I LX—K%2RKDX. (7, e, ko, 1)

M3 RFZOBMRICK2EMOREELMRERICE S %, BRNCLP2EFOMELT
INF—UZET. 2L T, EFOLIINF—E=K+U%2FT. (Z, e, ko, 1)

SRMEE T 2 EFIIBRN R L T X —2REICK S 72D, SHT7+— FDE
THUTRIRTFPEE L THFET S I ZHATERN., R=71%, KIEOMART bIUVITHE
HLT, &F8nzHOTRINWZETRIEZMALTHEICDA, ETHEMKZHS I
S 2 3 2 K88 (EHIRER) k2, LVORMEREIEL .

ZIDBHREIDR=TDIRFUC LD o T, RTFES Z OKBELUA A 2B 2, &
FED n DEFREOZANX — E,(Z) ZRD X5, LI TIEETFED n DEFIREICE
I 2EFOPELEE r, HIZ 0 2T 5.



4 HE-FAORIDE - 74 KEDO nfFIFELY, WO ETFRAZRTAZ,

2rr = 7

TH5. | 7S T2 REET. (m, h, v, n)

15 1 oEFHAFERN M4 D0EFFEEDIO v ZHET S Z2I2LKD, EFIRETOH
HEFEr2Rkd X (Z, m, e, ko, h, n)

M6 M3DEYXMbDrie E,(2)%KRDK. %/, E,(2)1F, EFBn OKRRF
DI FIF — B, (1) I LTI R > TW A &L K. (Z, m, e, ko, h, n)

(m5X)



X 21X, H2KEHLUAL A ICBWT, BEILDI2EFRENS L DRV ALE —DE
HIRBA LB ARSI I NZ D AR FLRETEL, EEDM0 ~ 25 x 1078 m OHipH
WHAEMMERRLEDDTH S, ZDRARY MUVET AU TORMWNZEZ .

} | * }

||||I|||||||||||||||||||I||||I ||||||| ||||||||||||||||||I| |||||||||||||||||I|| ||| 1 |||||||||||

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII] L IIIIIIIIII IIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIII III 1 IIIIIIIIIII

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Wk 110" m]

X 2

17 27T, RETRLEWL ODOREDEEMITICHERIEEL TVWE. ZOM
FICDWTCEH L 2DI T O X DZEM | 4 WIS T 2R %KD, Z, h, ¢ BIUKEHE
TFOHEKREOZ ALY — E(1) ZRWTED. $, (v | 2Tk 3R,
n, n' D5 HBRELZS D% HNTEHT.

JRF#5 Z OKBHPA A 03, BFEn ODUEND S n/ DIEMAE D & 2T

1
1 1
oL (m— “7)

B DURDUH | 1,
L EREND. ORCEM W REELTEZS L, zﬁ@q:@<

1
n/2

W)@%%@
fEE, nDPRELRZ | ITEDE, NE—EMEITONTWL., 2079, R
X0/ DIETHRE 2FEDHREMTICELEL THLS.

M8 RM70EEHVT, M2DAXRTZ M EFOAFTC D ZD2FE (Z2) RHEL,
TCREHREEZ L. 72770, RIORLEYHERY, KEBRTOREKRED T 3L F —
Ey(1) OfE% VT L.



E4p e B - BT
BHZEH DD H X ¢ |3.00 x 10® m/s
VAR h | 6.63 x 10734 J.s = 4.14 x 1071% eV's
KRBT DHEIRED T 2L X — | B1(1) | —13.6 eV

9 2D xHIZDIF-ERE, ETF8n =4

Bol b 2SN FITHET 2D THS. 22| 4 | &

Z, M e dITEZ L.

DEHIREDP S n/ =

7 | DTEFARTEN

7

WU TIERE 25




£ il (EERD
£ 1 B 1005

U’Y@#@?’%%A’C, ﬁ:ﬁ 1 ""ﬁ:ﬁ 5) GC%SZ: J:o

@Boyle’s law, @the law of Charles and Gay-Lussac, and @Avogadro’s law can be combined

into a single equation,
pV = nRT

In this equation, p is the pressure acting on a given sample of gas, V is the volume occupied
by the sample of gas, n is the number of moles of gas in the sample, that is, the total number
of molecules divided by Avogadro’s number, R is a quantity called the gas constant, and 7' is
the absolute temperature. The gas constant R has a value depending on the units in which it
is measured (that is, the units used for p, V, n, and 7). If p is measured in atmospheres (atm),
Vin liters (1), n in moles (mol), and 7 in degrees Kelvin (K), the value of R is .

If the number of moles in a sample of gas, n, remains constant and the temperature T
remains constant, the ideal-gas equation simplifies to

pV = constant

The value of the constant in this equation is nR7T. This equation is seen to be just the
equation expressing Boyle’s law. Similarly, if the pressure p is constant and the number of
moles in the sample of gas is constant, the ideal-gas equation simplifies to

nR
V = <?) T = constant- T

This is the expression of the law of Charles and Gay-Lussac. The ideal-gas equation can also
be written in the form

pV
"TRT
This equation states that the number of moles of any gas is equal to a product of quantities
independent of the nature of the gas, but depending only on the pressure, volume, and
temperature; accordingly equal volumes of all gases under the same conditions are stated by
this equation to contain the same number of moles (molecules). This equation accordingly
expresses Avogadro’s law.

The value of the gas constant R is found experimentally by determining the volume

occupied by one mole of an ideal gas at standard conditions. One mole of oxygen weights

exactly 32 g, and the density of oxygen gas at standard conditions is found by experiment to



be 1.429 g/L.. The quotient 32/1.429 = 22.4 L is accordingly the volume occupied by one mole
of gas (Avogadro’s number of gas molecules) at standard conditions. The volume 22.4 liters
is the volume of one mole of gas at standard conditions (0 °C, 1 atm). The volume occupied
by one mole of gas at standard conditions is seen from the ideal-gas equation to be just the
product of R and the temperature 0 °C on the absolute scale.

The density of a substance which is a gas under ordinary conditions is usually

@
determined by the simple method of weighing a flask of known volume filled with the gas

under known pressure, and then weighing the flask after it has been evacuated with a
vacuum pump. If a sufficiently careful measurement of the density of a gas is made, under

conditions such that the gas obeys the ideal-gas law, a good value for the molecular weight
5

of the gas can be obtained, which can be used to find the atomic weight of one of the elements
in the gas. The way to determine this ideal value of the density of a gas is to determine the
density of the gas at lower and lower pressures, and to extrapolate to zero pressure—all gases
approach the ideal-gas law in their behavior as the pressure becomes very low.

For example, it has been found that the observed densities of sulfur dioxide at very low
pressures correspond to an ideal density of 2.85796 g/L at standard conditions. The product
of this value of the density and the precise value of the molar volume, 22.4140 L per mole, is
64.058, which is the molecular weight of sulfur dioxide. The sulfur dioxide molecule contains
two oxygen atoms, which weigh exactly 32 g, and one sulfur atom. The weight of the sulfur
atom, in atomic weight units, is hence seen to be 32.058, from these measurements; this
agrees well with the accepted value of the atomic weight of sulfur.

Real gases differ in their behavior from that represented by the ideal-gas equation for
two reasons. First, the molecules have finite size, so that each molecule prevents others from
making use of a part of the volume of the gas container. This causes the volume of a gas to
be larger than that calculated for ideal behavior. Second, the molecules even when some
distance apart do not move independently of one another, but attract one another slightly.

This tends to cause the volume of a gas to be smaller than the calculated volume.

[H# : Linus Pauling, COLLEGE CHEMISTRY: An Introductory Textbook of General
Chemistry, W. H. FREEMAN AND COMPANY, 1951. —#& %]

(/) flask: 7 9 2 3, vacuum pump: E72¢ K 7, extrapolate: A 4F 3 5, real gas: ELEX
K, finite: GFRD

Ava Helen and Linus Pauling (MSS Pauling),Oregon State University Special Collections
and Archives Research Center, Corvallis, Oregon.
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[Hi8 : Nivaldo J. Tro, Principles of Chemistry, International Edition, Pearson Education
Inc., 2010. —#k#]
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A mixture of 1.00 mole of H,(g) and 1.00 mole of I,(g) is placed in a 2.37-liter
container held at a constant temperature. After equilibrium is attained, 1.60 moles
of HI(g) are found. Calculate the equilibrium constant (K) for the reaction at this

temperature. Show your work.
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Benzene was first isolated by Michael Faraday in 1825. OLate]f, chemists determined that
)

it had the molecular formula C;H,. Further investigation of its chemical behavior showed that

benzene was unlike other hydrocarbons in both structure and reactivity. Chemists proposed
many structures for benzene. However, the facts didn’t support any of the possibilities until
August Kekulé proposed a ring structure in 1865. Some of the proposed structures, including

Kekulé’s, are shown in Figure 1. The reaction of benzene with bromine in the presence of
2

an iron catalyst eliminated most of the proposed structures. This reaction produced only one

monobromo product and three distinct dibromo products (ortho, meta, and para). Kekulé
reasoned that ortho-dibromobenzene existed in two forms that were in rapid equilibrium
and couldn’t be isolated (Figure 2). The ring structure with the rapidly moving double
bonds explained many of the facts known about benzene at the time. However, as more

®
information became available and as chemistry advanced, it became obvious that more was

going on in this system than just rapidly interconverting structures. Chemists determined

that only one benzene structure existed, not an equilibrium between two related structures.

@
(@) (b) H (c) y H (d) H
H C\ H\ /C\ /H { H\ /C\ /H
Tl o oAy e @
“Cs .C.l.C. C—H C2C.,
SC. H™ >C”H H C<\C/ H™>C”H
CH3 [ - |
H H H

(Dewar benzene)  (Ladenburg benzene)  (Kekulé benzene)

Figure 1. Some proposed structures of benzene.
L —
Br Br
Figure 2. Kekulé’s proposed structures for ortho-dibromobenzene.

The concept of resonance was developed to describe the electron structure of a molecule

having delocalized bonding by writing all the possible QLewis structures of that molecule. The
5
term delocalized bonding refers to a situation in which one or more bonding pairs of electrons

are spread out over a number of atoms. The development of the concept of resonance came after



Kekulé had proposed the equilibrium structures for benzene. The presence of resonance
explains why the carbon—carbon bonds in benzene are of length and strength. The
original Kekulé structures are, in reality, not equilibrium structures but contributing
structures to the resonance hybrid. As contributing structures, they have no independent
existence. The only form present is the hybrid. The two resonance forms are shown in

®
Figure 3a, and the resonance hybrid is shown in Figure 3b. Notice the use of the double-

headed arrow in Figure 3a. The presence of the double bonds in the resonance structures
typically implies that benzene should react like an alkene in terms of addition reactions.
However, benzene does not react like alkenes. The electrons are delocalized over the entire
ring structure, not localized between two carbons. This contributes to the observed stability

of benzene.

(a) (b)
O-—QO O
Figure 3. (a) The proposed resonance forms of benzene.
(b) A representation of the resonance hybrid of benzene.

One way to investigate the stability of benzene is to compare the amount of heat
produced by the reactions of benzene to similar compounds that are not aromatic. For
example, a simple comparison of the enthalpy change of hydrogenation for a series of
related compounds allows us to see the difference. Let us consider the hydrogenation of
cyclohexene, 1,3-cyclohexadiene, and benzene, which make a suitable set because all three
yield cyclohexane. The enthalpy change of hydrogenation of cyclohexene is about —120
kd/mol. If the reaction of one double bond releases this amount of energy, then the reaction
of two double bonds (1,3-cyclohexadiene) should release about twice this amount of energy.
The classical, three double-bond benzene should release three times as much energy. The
enthalpy change for 1,3-cyclohexadiene is —232 kJd/mol, which is close to the predicted value
(—240 kd/mol). However, the value for benzene, —208 kJ/mol, is far from the predicted
value of —360 kJ/mol. The small value for benzene indicates that it is significantly more

stable than a triene. OThis difference is a direct measure of the resonance energy.
7

[H8 : John T. Moore and Richard H. Langley, Organic Chemistry II For Dummies, Wiley
Publishing, Inc., 2010. —kZ]
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