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Name: Code: ARM

Zpwhwqbp

o Gpb’p dkp wlimitp b Yngp ympupuibymnop Eoh Jpu

¢  Uju puliwul woluwwnwliph nilih 8 junhp, wqupptpulmt wnmiumly b 53
to:

e bnip nibikp 5 duwd jutinhpubph Ypuw wphwnbmnt hwdwp: Ujuk’p Jhagb wgl
nhwypnud kpp inpdnud t START hpundwbin:

*  Oquugnpdtp vhuyb dkiq wpuadwnpiws qphyp b dpypahwgghsp:

¢ Pnnp wppnibpbbipn whwp E gpdws (hth hwdwwuwnwopowt Jubnwlnd:
Uy wnbn gpdwdé hls np pub hwslh sh wntydkne Oguugnpdb’p pllimpiul
phpph dinw Ynmin vbwgpmpiui hundwnp:

e [pnbky wbhpwdbpm L gpk’p  hwoduplbkpp hudwyunnwupowh
Jubqunul: Tppd dhunpbbipp wpdliim £ dhugh dhown ypuinwufowbibbiph
huwilwp, Epb wnljw | dbp wphiunwbipn:

¢ Upp gnip Yuupinbp wpnuawbpp, gpip dkp prptpp dkq npuiiunpiws
spwnph ube: Opupp dp thulbk'p:

e mp whwp b Jubqgukgibp Akp wplowwnwtpp, Epht wnpdhp B OSTOP
hpuwhuwiigp

e  OJhbhnwbwp dbp wohwnunnbknhg wnwbg nEjwydwplbph poygpodnupate

¢ U pubwfwh wrpwwnwlph wwownnbwlub whqhwlwb wwppkpuyp
Uunnsth b dhwgh wywhwboh nhypmd” wupqupwbnudbbph hudwpe

The 44" IChO — Theoretical Examination. The official English version Armenia



Name: , Code: ARM

Physical Constants, Formulas and
Equations

Avogadro's constant, Ny = 6,0221 x 104 mol™

Boitzmann constant, kg = 1.3807 x 107 3K

Universal gas constant, ® = 8.3145 J'K™mol™ = 0.08205 atm'L-K™"-mol™’
Speed of light, ¢ = 2.9979 x 10° m's™

Planck's constant, # = 6.6261 x 107 J-s

Mass of electron, m, = 9.10938215 x 107 kg

Standard pressure, P = | bar = 10° Pa

Atmospheric pressure, Pam = 1.01325 x 10° Pa = 760 mmHg = 760 Torr
Zero of the Celsius scale, 273,15 K

1 nanometer (nm) = 10°m

1 picometer (pm) = 107"* m

Equation of a circle, Xy =t opemtnulih hwjuuwpnid

Area of a circle, nr? opowmbulh dmlkphu
Perimeter of a circle, 2nr

Volume of a sphere, 4m°/3 qniligh Sy
Area of a sphere, 47" garhinh dwmliipku

Bragg's Law of Diffraction: sin © = ni/2d

The 44™ IChO - Theoretical Examination. The official English version Armenia
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1 18
1 2
1.00794 4.00260
1 H He
0.28 5 13 14 15 16 17 140
3 4 Atomic number | 1 &—— Atomic weight 5 6 7 8 9 10
6.941} 9.01218 1.00794 Atomi bol 10.8111 12.011! 14.0067 | 15.9994 | 18.9984 | 20.1797
5 Li| Be H| < Atomicsymbo B C N o] F|  Ne
.28 AIJfOOe.m_m_.: radius, A 0.8% 0.77 0.70 0.66 0.64 1.650
11 12 13 14 15 16 17 18
22.9898 | 24.3050 26,9815 28.0855 | 30.9738 | 32.066 | 354527 | 30.048
3 Na Vig Al Si P S Ci Ar
1.17 1.10 1.04 0.898 1.80
3 4 5 6 7 8 9 10 11 12
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
39.0983 | 40.078] 44.9559| 47.867 | 50.9415 | 51.9961 | 54.9381 | 55.845| 589332 | 58.6934| 63.546| 6539| 69.723! 72.61|749216] 7896| 79904| 83.80
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
4 1.46 133 125 1.37 1.24 1.25 1.24 1.28 133 1.35 122 1.20 1.48 114 1.80
37 38 39 40 41 42 43 44 45 46 a7 43 49 50 51 52 53 54
85.4678| 87.62 | 88.9059| 91.224|92.9064; 95.94|(97.905){ 101.07|102.906| 106.42( 107.868| 112.41|114.818| 118.710| 121.7601 127.60| 126904 | 131.29
5 Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sh Te i Xe
1.60 1.43 1.37 1.38 1.34 1.34 1.37 1.44 1.49 167 1.40 1.45 137 133 2.10
55 56 57-71 |72 73 74 75 76 77 78 79 80 &1 82 83 84 85 86
132.905 | 137.327 178.49| 180.948| 183.84| 186.207{ 190.23| 192.217| 195.08! 196.967 | 200.59| 204383 207.2| 208.980 | (208.98) | (209.99) | (222 02
6 Cs Ba|La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
1.59 1.43 1.37 1.37 1.35 1.38 1.38 1.44 1.50 1.70 1.76 1.55 1.67 220
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 17 118
{223.02) | (226.03) (261.11) | (262.11) | (263.12) | (262.12) | (265)| (266)| (271)) (272)] (285)] (284)| (289)] (288)1 (292)| (294)| (294)
7 Fr Ra| Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn| Uut Fi{ Uup Lv| Uus| UUo
2.25
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
138.906 | 140.115 140.908 | 144.24 | (144.91){ 150.36| 151.965| 15725! 1658.925; 162.50| 164.930| 167.26! 168.934| 173.04{ 17404
La Ce Pr Nd Pm Sm Eu Gd Thb Dy Ho Er Tm Yb Lu
1.87 1.83 1.82 1.81 1.83 1.80 2.04 1.79 176 1.75 174 1.73 1.72 1.94 1.72
89 90 91 92 83 94 95 96 97 98 99 100 101 102 103
(227.03)] 232.038 | 231.036 | 238.029| (237.05)| (244.06 | (243.06) | (247.07) | (247.07)| (251.08) | (252.08) | (267.10)| (258.10)| (259.1)1 (260.1)
Ac Th Pa U Np ) Am Cm Bk Cf Es Fm Md No Lr
1.88 180 1.56 1.38 155 Pu 1.73 1.74 1.72 1.99 203
i 1.59
3
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7.5% of the total

a-iii b

¢ vunhp 1

16 20

7.5%

a. Pnph hhnphntbpp b wy Jhugnippmbbkp

Pnph hhnphybbnh ppipwb wpwmehlip quipqugpty b Updnpkny Uwnnlp (1876-1946). Lw
punipugpty b 20-hg wily shgnp dnklinuughl paph hhnphgtiin® B.H, punhwnip

pubwdlny: Mupgugnyb paph hhgphagp nhpnpwtb | BoHg:

133 pin

i. Oqunugnpstny unnpl phpwd wdyuubpp, gopu pipkp poph hhnphnbph guah

kpfnt wy whnudbiph™ A 4B dogElmyughb pubmditipg:

He
Lmpp dhdwlp (25 °C, 1 bar) | Pnpp qubgluduyhl | Unpuyghl
pudhip quibiguidp (¢/uny)
A Liquid 83.1 65.1
B Solid 88.5 122.2
A= B =

The 44™ IChO — Theoretical Examination. The official English version Armenia
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i, YLhihwd Lhithuljndpp vnnwgly b inplpjub dpgwtiwly phihwihg 1976 w. phdhwljwb
Ywwh wypnpibdbbnp poph hhngphpbtipnaod (nruwpwtbyng hwdwn: Vo wwupaly & np poph
poinp hpgphnubpnud mipupwsynip poph wnnd mibh inpdag bplikblponpniwing uwy
wnjuqp Ukl A-h munnuh htwn (B-H): Uwljugh th putih wwhuwlh (pugnighs Juagbp B
bl b bw dowihy b unbdw pnputih urniggwopp fuqubin: hudwp © styx hwdiph
Upongmy, nmnkn. :

s = Unjbljnynud B-H-B undppwyibinh pydht

t= uUnjklnunwd BBB hpbkplitinpniting Yuwy tph pht

B .

A}

A,

bl

’ -—B
4

B
y = uniilinumd B-B hpljlikuwnpnbtwing uwknh phle

x = Unitilinynud BH; judpliph pdhl

styx hwdwpp BoHe-h hwlwp 2002 E: Ulipplih dwbngulnd gpbp BiH o nbinpupnpuitip
Juwnnigyuspuihln pulimdlip, nph styx hudwpp 4012 T

The 44™ [ChO — Theoretical Examination. The official English version Armenia
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. Pnaph dhwgnmipemilip Jugqdjwd ©pophg, wohnusbhg, pinphg b ppdusthg (B.CCLO).
Uy kinpuy wndjunbibpp Jhoymd b, np npa dngynynuad w bpne wpyh paph wnnd”
dbyp  pwpwbhunughtt b dnup hwpp  Epwbljul vwwpwdwuluwb  whupnd' 13
hwpwplipnipjundp hudwyuwinwujuowbapap: Uyklupp bwb wonnd b, op dngEynygned o
CO bpwmbh Ywu: Uhwplp wyy Jhwugnipyub  ByCCLO dUnjklnyh  muwpudwlub
lunnigywdpn:

Funnigdwmspn:

b. Roph dpwgnmipioiiibbpp ehipdwphdhwl
Zmpylip B2Cly (g) dhwgnipiniinnd B-B wjupg juwh npnhdwb Fepujuihut’
oguuugnpdliiny htwnlyw) hbdnplughwl.

Yy Guuph tipnhdmb hpwjyhw (k3/mol)
B-Cl 443

C1-Cl 242

Uhugnipnils AH® (kJ/mol)- wimupmgdmb Fupujuhw
BCla(g) —403

B>Cl(g) ~489

The 44" IChO - Theoretical Examination. The official English version Armenia
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c. ‘thpnpuitth phlhwt

SGpbp bhpplh upbidwnud hunlupmiudws dhugniemmbbbph junnigduspughl
priiwdlibpp: Smpupwiynip thwgnupmit pap b wupniulnad,

+ Cls

3| — BoH, I} ————> C.HsB(OH),
+ CH,0H CeHsMgBr
NH4C1 + H?_O ; R
200 °C + NHj
H
i 4 2
Cl_ - _N_ - ¢l
~ T,E/ 3 T/ A
+
NP N
?w + NaBH,
S oo
Cl >
Lpwgnighs wjupitbp:

a. 5-pn hwdwph dhwgnipjut bodwb ghpdwumpdwitip 55 °C k&

b. ponp nhwljghmbbpnud phugblnbkpp wyligniling b

c. 2-pn hunfwph dhwgnipyut 0.312 qpuadp 25.0 gpud phEhgmnud jmdfwd vwhe &
wbnhgiwl ohpduunhdwth nmupphpmpinit 0.205 °C (freezing point depression): Phugnyh
munkguwl ehplwunhdwbh ungug hwuwnwnntbp 5.12 *C/molal E:

The 44" {ChOQ — Theoretical Examination. The official English version Armenia
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Number Molecular Structure of Compound
Zwdwip Uhuwugnipjul jupnigdubdpuyhl putdbin

The 44™ IChO — Theoretical Examination. The official English version Armenia
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vinphp 2 7.8% of the total
a—i a—ii h-i b-ii ¢ I“hrlhp 2 7.8%
4 4 b 1 5 20

Apanpl (IT) vhwgnipimbubpp, bgndbpbkpp b inpmbu Ephljpnp

Twwnhbp b wyy 10 dbwnwnbhph janudp mnwewghinid Eb hwpp Ynduykpulihp b wyy
ntwmljghwibph dhlowmthadubpb nmumdbmuhpd by Ba tpuinbtbuhd: Ophuwyy, huynbh b, np
uyn Ynduy bpultbph thnpwbwliuwl nbwljghwbbpl pupwbnul B vinbpbappdhwih
ujuthujubidudp.

T L

T L
\Pt/ + Y —» \Pt/ + X

N
Ny Ny

Zwyubh | il np X jhquitnp Y- thnjuwbwlpdwb nhwljghuih wpugnupmibp juodus
L ithgulnp phnyphg, npp wpuwtiu B X-h bjwndwdp, wmjuhbpl T- hg: Gw hwpnih Eapyliv
wpwhu EpEhur: Opp T pywpydwd hnlitphg Yud dojiynyibiphg ko & wpwbu ghpponal
hnjuwbwilpdmb wpwgnipinibp hnppuwbinud E dwfuhg we:

CN >H > NO;", I" > Br, CI" > pyridine, NH;, OH ", H,O

Shu- fud mpubu-PyNH3):Ch vnwgnudp juwhdws b aopubu EpEunhg 8hu hgndbpp,
npp punglnh phuhnpipunhugh dhong £ b whjwbfmd E ghuyuwnpl, vnwgynud
K>PiCls-h b wndntipuiih thojowmgnbgnpmihg:

2— -

¢ cl NI of NH;
NH,
e S p” —
\CI N

N EN \Pt/
CI/ CI/ NH, C!/ \NHS

10
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L ’ilmuﬂ.lhphlp Pt(py)(NHy)BrCl pwbwdling wjmwht (II) hwpp Yndybpubbph pomnp
htwpwynp vinkpbnhgnutnbitipp, (apunbn py = ywhphght, CsHsN)L

ii. Gplp nhwlghuyh apebdwbipp, plngpilng  twb hbunbpdbinhwnn(bkpp), bph
punhwbpuwbu gpubp juwb, gnyg wwp gpughtt mudnypnd ppubg  uwmgmdn
[PONH3}NOy)Cl] jmipwpwibisymp unbplnpgadtph  hundwp apwhu  wanuiynip
oquuugnpdlinyg PtCLY, NHi, bt NO; . frhwlghwlbpp Jhpwhulod & Yhibnhynphi

wnpuihiu thhlhmny:

Shu-hgnubip:
9
Cl Cl
\Pt/
s
Cl \Cl

trans-isomer:
7
Cl Cl
\Pt/
v
Ci \CI

i1
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b. Zumpp pwnwlmuh Ynduykpu dhwgmpmibbbph thnjuwbwhuml pkulghuwgh
Ghtubwhjulwt ntundbwohpoipmo
Zupp punulniuh Yoduybpunod X (hqubnh infowbulinndn Y thquitinnd,
MIsX + Y —» ML:Y + X

YJuipnn b phpwhu) bplint mghibphg jusd JEn, od Gplnuuny.

fhipnulh  hnpnubwlnipnih. Uwbng Y jpquibnp dnnbEbmd o Ghlnpnbalol
dkwnunghl wowewglilpny] hhig npnpluughnl pyny §ndwybpu, npp wpwg npghnid EX-
p wnwewghlinyg ML;Y wipguiuhpn:

+Y - X

[ML;XY] — ML,Y

ML;X
** = wpugmpinibp (hdhnu]apnn thnyg, wpugnipiub hwununnnibp = ky
o Sknurluynid pnmishsh oglinipudp Tmdhsh S dnjklnyp hwpdwlynud E klnpotwljub

dbknwnp winndh Jpu wowewghtyn] ML XS, npp hnwghod B X-p wuyny ML:S. Y —p
wnuqg whnuyumnd £ S-ph wnwewghhiny ML5Y.

+S -X +Y
ML3X [ML;XS] —> [ML;S] —g—> ML;Y

** = wpwgnipntun |huhnun]npnn thn, wpognippub bwunuannibp = g

Upwgnipjul phnhwimyp hmdwuwpnudp nitikbw hinlyw) nbupn.
Upwgmpinibp = GiML:X] + ky[ Y][ML3;X]
Npwkn [Y]>> {ML:X], ipp wpwgmnpmibn = ks ML3X].

ks b oky wipdbiplipp jupudwd b wgnubgniptphg b plggpiuwsd mudhsh pinyphg: URY
ophtialy €1 jhqutinh thnfjuwbwljdwt hwpp punwlniuh wiumhbdlh ndu Epund ML X;
uhphnhung (CsHsN). (dEpkh ufubdwymd MLX JEpupbpdnud © ML, X))

| Ci N l /N\ //N‘“*~
Pt
VAN

= N Ct N =N (]

\I )

+ CI

[(Fhwyghugh wdjugubpp 25 °C dbpwlmimd, bpp whphnhbuh inlbghinpughwi »»

12
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wpwinhtught Yndwikpuh Ynbghinpughughg inpdus ©annpb phipduwd wnnuowlynnd.

Nhphnhth Yabgklunpughw (mol/L) kans (s

0.122 7.20 % 107
0.061 3.45 x 107
0030 175 v 10-4

i Zwodb’p kU ky wpdbplubipp qpudhlnphi. Snipuwpuwibisinip hwuwnmunnibh hundwnp
wnbp dhwynpbbpp:

it. Gpp [whphnht] = 0.10 dny/), httmbyuiibphg npb © &how (bpbp dhown vjunwufawin
duwhi Juigmalnud V bowling):

Nhpphnpltught wpnnijmh dks dwub wowewgh] b jmidhsh
oguntpjudp(k) nhnuljudmb &wbwyuphny

i3
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Mhphnhtuwihh  wpopmluwh  dks Jdwub wnmowgh; b nignumlh
wnknuiwplub (dyv) dubwwuphn]

Cplnm dmbwyyuphny B wmwowghy B hundwsunhth putbwljukpe:

13 uh bqpujugnipmmit sh Yuplih whl) pbwlghwgh wponnipnh pubmih
YEpuipkpyur” Gl nbwlighwih pws tpline ninhikphg

¢. A Phunplpuujhunhly dhong

Opylugh ghu wjuwnplp tywnwljuhb dnnbbw pungitnuyht peholitipht, wpndtunp
Lhuyuwpnh ondpp Uwouwsniubinuh whebnnghwlub  ptunhunnnod gruonh(Iv)
Ymiwtipup gk E ohgnimily bnnhnbikipht, npntp dhwgud b nuln btwbndwebhlbiphl

NS ‘ PV}
g g

fluljnt wbndwutihl Orhgnbniyibninhn - PYIV) linliuﬂhpu‘ Lgdwd

The experiments use gold nanoparticles with a diameter of 13 nm. Attached to each nanoparticle
are 90 oligonucieotide groups, with 98% of them being bound to a Pt(IV) complex. Suppose that
the reaction vessel used for treating cells with the Pt{IV) nanoparticle reagent has a volume of 1.0
mL and that the solution is 1.0 x 10°® M in Pt Calculate the mass of gold and of platinum used
in this experiment. (The density of gold is 19.3 g/cm”)

®npdlpnid oquuugnpdynuil B nulne 13Wd wpwdwgény  bwbndwubhlibp:
Snipwpwbsnip bwbndwuhly dhwgws b 90 ojhgnuniyininhnh, npniig 98 %-p dhwugws £
Pt (IV) [Unudupbpupl: Ghpwnpbip, np Pt (V) yndupbpuh hwdwp oquuumgnpddus
nhuwlighnl wnpl muh 1O Mo swdw) b msnypp yupmbwlmd § 1.0 x 10°U wiwnpl.

14
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Name: Code: ARM .

Zuok'p nulynmt b wjuwnhih qubgdwbdp, npt oquuugnpdynid § wyu dinpdmd (Dulim
fuwnnipmitp 19.3 g/ud’ b).

Mass of platinum

Mass of gold

15
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Iutmhp 3 7.5 % of the Total

a b c- c-ii TUhI}bp 3
4 12 6 12 34

Ehoumhpyun hnblikpp whwgynud Bu dnjhpyun hntthphg MoO4” ppwsth wnndlilpn
doupny inbnuljuy bym]: Fumpeutl Uk phndnjhpnunn hnbtbipp hupnbwphpdt) b Ul sngh
hinppughti opkpnud, apnkn hhbvwpwbulub unigdunh Jepufjubqunidhg vnugdmd £
HzS: Unthpnuw ~ phnunihpnuwn thohowplnofubpp phipnud B pmsdus dnjhpnbup wipug
Ynpuinh dnjwenkphg pswgtbiny dwpnnt jubph hudwp whpuwdbswn dnjhpgble vuwppb
oyjhwtinunud: '
ZEwnhyju hwjuuwpulgen piohitiipp yuypdwbwynpood B dojhppwn b phodnithppun

hnltbph §nbgbtnpughwtbkpp bnup gpuyhb pousnypod.

MoS4® + Ha0(1) == MoOS;* + H,S(aq) K;=13x107
MoOS;” + HaO(l) =— Mo0,8,” + H,S(aq) Ky =1.0x1¢7
Mo0,S,% + H,O() = Mo0O:8* + HoS(aq) K;=1.6x10"
MoQ3S* + H,0() == Mo0,> + H;S(aq) Ky=65%10"

a. bph hwwuwpwlspmprub Jh&wlnud jménypp wupntbwlmd £ 13107 M MoO4* 1 1x10°
M H;S(aq), hisyshuhtt Yjhtth MoS,* hnith Unpuyht Ynhghlunpughut M?

16
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Name: Code: ARM

Lntsnypp, npp upupniiuynid E Mo0,8,”, MoOS;™ i MoS,” hnutikpp nitih Gpulidwb whibp

395 1 468 nm whph Epljunpnipmibitipoad nhuwwbbh dwpgnel: Uy hatbbpp & HSn
wbibipwh kb Giubmd wyn mhpnypenud: Epuinhiiyghugh dnjwihb gnpdwlhgutipn (e) hgllmb
tplny unhpp Eplpupnipyut hodwp vpdws Bb wnmnruwlnod:

£ at 468 nm £ al 395 nm

L mol’ em™ L mol” em™
MoS,” 11870 120
MoOS3* 0 9030
Mo0,S,™ 0 3230

b. ZunJwuwpwlepmppuh ke squobdnn nidnipn wupmbwlnid E MoS,”, Mo0S:* I
Mo0,S,” poliubph iunbinipy b sh wywpniwinid wyj Mo wjupniwling duubthlbp:
Unphpnbb ypupnbwlnn popop dwebkhiibiph gnuduwpughl dejught Ynbghitinpughwh
némpmy 6.0x10° Mt 10 udd juygbmpyundp Ynuknnnd wyy |nwonyp R owwnhliwlub
hnntpmnibp 468 nm -nud 0.365 E, huly 395 nm -nud * 0.213: Zwodbp togwd Unjhpphib
wupntbudyng Epkp hatiibph dnjught Ynbghinnpughwitipp:

MOOzsgzml
MoOS;>:

MOS42MZ

The 44" IChO — Theoretical Examination. The official English version Armenia
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¢. Lnusnypnud,npp wupnibwlnud | 2.06x 107 M MOSqE", fruy] hwdwupgnud plpwbmnd |

hhnpnihg: Unwewgnn H;S-p Ynunwljgniud b dhlsh hwjuuwpulornippub hmunwwndb)p:

Zwpdtip HaS(ag)-h b udnjhpobt wupnibwabing pojnp hhtig wiihnbbbinh (gpwbp &Y MoQs>,
Mo038%, Mo(hS;”, Mo0S;” b MoSs”) Jhpeluusts hunjwuwpmysnughl Unjught
Ynlbgkbnpughwbbpn: pH -h wipu wipdipnud HyS-h nhungnudp dptish HS  wiinbubip:
(Upwijnphkph By Eppopnp Junmwbup gpbng jalmph iméiubp yuanng 6 wilafo
hwjwumpnidblbp, pul Epgn Eppopnp’ §nbgbinnpughuwbiph dhoun wpdbpbbph hundup)

i. Gphp wyn nusnypp pbnipugpnn 6 muljuhe hmtlummpnu[hhp:

ii. Zuwpykp 6 Wyniph Ynughlnpughwmibpp junupbpyd wpudwpuimljub

dnnunfnpoipinibihp’ wugnyg wwwnwuombbkpp Gplne bowbwjuhg pybph donnmipiundp:

Calculate the six concentrations making reasonable approximations, giving your answers to two
significant figures.

The 44 IChO — Theoretical Examination. The official English version Armenia
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H,S MoO,* Mo0,8%

MoO,8,% MoOS,” MoS*

The 44" IChO — Theoretical Examination. The official English version Armenia

19




Name: Code: ARM

Ivtinhp 4 7.8% of the Total
a b c d-i | d-ii | d-ii | d-iy e-i e-1i vuighp 4
12114 | 10 4 2 2 4 4 8 6l

7.8%

1980 @ upwlidby LL Yhpudhly ymiplp npotp npulafnpnod B gbphunnpnulwbnupmb
whunynp pupdp ghpdwunhdwimd” 90 K: Uynuhup wnuphphg dblp yupnibwlnud £
hwphnud, puphnud, ynhtd b ppdwshi b npjnud £ “YBCO”, dpw prnupaipiailis b

YBa;CuzOy, umljumn willih dogphw npu pwiwd i | YBa,Cus Oy (0 <8 < 0.5):

a. YBCO-h hntwjwlwh piniptinh Ukl peoh wuwnlpp thpuyugyus b awnnple Opnokp, ph
jnipupwbsinin ppewbuiyp np wwpphb Fhudwwywnwuowtbnod:

TR

N

® O @
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Lhow junmigywdpp hpwljuthnid oppanmdphly E{a# b # c) umijugh dnmml{npmu_lhu
wbwpwgniiong b (but it is approximately tetragonal, with a = b ~ (¢/3).

b. YBCO ~h tilnwop, npnud 0= 0.25 L khpwnldly L nklinghiyut danugquypduls’
oguugnpotiinyg Cu Ko dwnwqguypnud (A = 15342 pm). “Fhdpulighuh ]uqugngh wbijjut
whlp nhudlb) £ 20 = 7.450° -nud: Conpibnd npa = b = (¢/3), hwigdlp

a—hle-p wpdbplbpn.

A sample of YBCO with 6= 0.25 was subjected to X-ray diffraction using Cu Ko radiation (A =
154.2 pm). The lowest-angle diffraction peak was observed at 20 = 7.450°. Assuming that a =5 =
(¢/3), calculate the values of ¢ and ¢.

¢. Zuoylip YBCO -h (6= 0.25) wyn dniph funnipnilip: Bph skp uinwghy a~h be-p
windEplilpp, oguuugnpstp hnlyw) vidjuikpp @ = 500, pm, ¢ = 1500. pm

Estimate the density of this sample of YBCO (with §=0.25)in g cm™. If you do not have the values
for g and ¢ from part (b), then use a = 500. pm, ¢ = 1500. pm.

21
The 44" IChO - Theoretical Examination. The official English version Armenia



Name: . , Code: ARM

Tonmpnip =

d. Gpp YBCO ynipen jmdynud | 1.0 M inbghnpughuyny wnuppdnud , quagh wnuewlbbp
Eb bljwungnid (qui Oz | pun quq. ppndunngpubhunh): 10 pnugk kpuynig htnn' jnudgws
quiqn hlpwugbkin hundup, dbwgud ppsnyen hinfougnly b adbgniyng Jipgpws KI -h
jnwdnyph htn' gunbuwgnd ginbw -pwhutwiuwgny: Unwgdws nusnypp Yupnn
inhunpyk] phnunyduwnp msnypny oujwgh bipljuynpiudp: Gpl YBCO Wnlep wpgnth Ar
dplnnpunnud wmindhowybu E wybjugynud dh jmdnyphlunpnod . Ki-h b HCl-h dnjughl
ynbughtinnpughulibpp UBjuwiwt dnyy £ 10 M, www  mudnypp  quobnud &
nnwowuinuljugnyyt, puyg qugh wheunnnud sh nhungnud:

i 9pkp hunjwuwphggws hnbwljput nhwlghugh huwuuwpnudp wit gEwph hundwnp,
bnp uihlin YBa;Cuz Oy -p ity by £ wnuppdnud O; qugh wheunnning.

Write a balanced net ionic equation for the reaction when solid YBa;Cu304.5 dissolves in
aqueous HCI with evolution of O,.

ii. Gnkp hwdwuwpbgdwd knbwlurh nhwlghuyh hwwuwpnudp , bpp (§) Yhwh
[nonypp thnhrugnoud B KI-h wdbgnih hbn peywsih hipwgmdhg htann.

Write a balanced net ionic equation for the reaction when the solution from (i) reacts with excess KI
in acidic solution after the dissolved oxygen is expelled.
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iii. Gpbp hunjwuwpbgws hntualpub nbwlighugh hwdwuwwpnudp, bpp (i) YEnh
dnypp whupdnud b phoungbuany ($:057).

Write a balanced net ionic equation for the reaction when the solution from (i) is titrated with
thiosulfate (S20:7).

iv, Gnptp hbunjuuwplgdwd hntuljwb nhwljghuyh hudwuwpnedp agl gy ph hudwp,

bnp mipgnih Upbinnpunul ujhin YBa;CuzOrg -p imadlip b wnuppdnud, npp wpupniaanud
- EKI-h wdlgnily

: 23
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e Nwnpuuwinyty kb YBCO ~h bpym dhwinfwb idnipbbp withwpn & - b wpdtpny: Urwaghiip
b b wnpuppedh S mL 1.0 M-tng mnwsnypnid - O, ~h whgunnnudny: Gwqp hkpwghkn:
Lujunnuilyny jmsnypp tnwgpt) B, wyw vwnkgpt) b wpgnth dphnnpunod wtugply 10
mb 0.7 M-tng KI-h jményyp: Unugdwsp oujuh bEpljuynppudp inhunpknt hudwp
wwhwheyty b 1.542 x 107 uny phnunydunn: YBCO ~h Ephnnpy Udniol wipgntih
Uplinjnpuinmd widhowubu wdbjwgyby £ 7 ¥y pnuonyphl, npnkin Ki-h dnjught
Unbgklunpughwbt 1.0 M &, huly HCI-h Uabghlunpughwi 0.7 M b Uyu Jbpehl nusmyph
nhunpdub Jpu dwipiugby b 1.696 x 10™ Unp phnunydunn:

Two identical samples of YBCO with an unknown value of & were prepared. The first sample was
dissolved in 5 mL of 1.0 M aqueous HCI, evolving O,. After boiling to expel gases, cooling, and
addition of 10 mL of 0.7 M KI solution under A, titration with thiosulfate to the starch endpoint
required 1.542 x 10™ mol thiosulfate. The second sample of YBCO was added directly to 7 mL of a
solution that was 1.0 M in KI and 0.7 M in HC] under Ar; titration of this solution required 1.696 x
10" mof thiosulfate to reach the endpoint.

i. Zwodkp Cu—hUniph phyp YBCO-h wyy tdmoubpand
Calculate the number of moles of Cu in each of these samples of YBCO,

24
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ii. Zwdykp 6 —h wndtpp YBCO-h wyn tdmopbkpmu
Calculate the value of 6 for these samples of YBCO.
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unhp § 7.0 % of the Total
asi | adi | b | ¢ | d | e ]| f Waghp 5 |
2 4 4 1216 4 34 | 7.0%
| | &
i t ]

TLE-U Ypubph docpundtbnwy Unjilngbbinhg Ukl B Ugu pbghpp JEpwpbpoad §YuE-h
UntEinijughtt junniggwdph  dhunhnfudwbp phwljuwl & dwpnlughtt wqpbgnipiul
Swbmuympny:

a. thinwplbp whphthnhtught hhdplip ghwnnghp (C) b phdpbp (T): N-3 wgnn] wnndp
(updwo L *) wm hhupkphg dbynud hwbmhuwbmod € indyindhy Yand Yol-h wfhpugdul
dunfwmimly, huly Untup ny:

Consider the pyrimidine bases, cytosine {C) and thymine (T). The N-3 atom (indicated by *) of
one of these bases is a common nucleophilic site in single strand DNA alkylation, while the other is
not.

L Clunpkp (opouwiiulih ko Yhpgphp) wyb hhulpp C Jund T, nph N-3 wgnunh wnndp wdkih
umyibnphy b

Select (circle) which base, € or T, has the more nucleophilic N-3 atom.

NH, o)
S
N/&O N/&O
H H
C i
C I

- |(i)

ii. Muwnlbpbp Uniknh Ephne wwppbp phgnbwbuuyhll pubwdlbp bwjonpn b dlip
wunwnhiwbp hhdtwdnpline hundwp: Lobip pognp ny gpnyuijut dbwbwb jhgplipp bplne
puriwdlitipnual:

Draw two complementary resonance structures of the molecule you select to justify your answer.
Indicate all non-zero formal charges on the atoms in the resonance structures that you draw.

(i)
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b. FUE-h Y hwpnbh pbwlwb dbanhnpanulp nu gnuutthbh (G)  upgwd nhpph (%)
dhphpugndt L S-wpbtinghpdliphnihing  (SAM): Muwnlbpbp gniwulthtth b SAM-h
nkuwljghuyh hbnbwbpny vinwginn Epnt ypanpmdpnbbph juengduapughle pubwdbtpp
wnwhApb Julpefubpnud.

One common modification of DNA in nature is methylation of the indicated (*) position of

guanine (G) by S-adenosyl methionine (SAM). Draw the structures of both of the products of the
reaction between guanine and SAM,

0o NH,

/=N
N NH Qo © OGN
]
N*N//K P o CHy M, ) IN
H 2 HO oH T
G SAM

¢. "FULO-h wiypymglng dhong b twls hujphwn quagp:
One of the earliest man-made DNA alkylating agents was mustard gas.

27
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o]
o]

N
HN
s Y "
N NN hN S
LN > {A] > C|/\/s\/\NA‘N N
H

Ujn quar wqnbihu bwpe bkpdnjbinuuyght ehwlghugh hEknbwbpod injuwpbdnol b
Uhowbljju) ntwljghnimbwl; A dwulthlbh, npp mmuljhopbkt wiljhpugned b Yo@E-hi'
wnayny  bmlthbwppdh  gpanmlu,  gws Jipbh sjebdwunal: Dunolbkpkp
nhwighnbiniliul A dwubhih jurmigwspp:

Mustard gas acts by first undergoing an intramolecular reaction to form intermediate A which
directly alkylates DNA, to give a nucleic acid product such as that shown in the equation above.
Draw a structure for reactive intermediate A,

d. Ugqnun wywpnibwynn wifhjmgbng dhenghbpp thopowgnnud i dnudp wywipochulyng
quqp Wwlwt hlywbu ¢ Yhnnad: Uy dheonghtph nhwlgnibwlnueniip upbh b dhuwhnjuly
JwhnJws  wqonunh  wwndh bppapn wbnulughsh  pboyphg: Ugmn  upupnibuwding
wyjhpughing Jhonghiinh ntwlgnibwlnipinibip dhswbmad E jkbnpnbwub wgninh winndh
uniyy indhinipiut dkdwgdwl htwn: Uwnnph phpjuds wgnun wyupnibwlnng wiihywghnn
Uhonglkphg plunpkp wnwdby wlnhp b wdkbwpny) pkuljgmbwlnipioib niibgnnp:

The mitrogen mustards react via an analogous pathway to the sulfur mustard of part c. The reactivity
of the compound may be modified depending on the third substituent on the nitrogen atom. The
reactivity of nitrogen mustards increases with increasing nucleophilicity of the central nitrogen atom.
Seleet the most and least reactive from each of following groups of nitrogen mustards.

. o

I i 1

i.
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MOST REACTIVE:
Ununk) mijnpy:

LEAST REACTIVE:

Udtlwpny; wljnhdniprudp:

ii.

OCH, NO,
N N
S RN Y et TN TN N N

T 11 JH
MOST REACTIVE:
Ununjbk) wljnpy:
LEAST REACTIVE:
Udbbhupny whnhdnupjudp:
iii.

e - DN

ST
I

N
o1 T
11

o >N
I

MOST REACTIVE:
Uruly wilyuhad:

LEAST REACTIVE:

UalEhwpmy mjnhimppodp:

b

e. Fuwljui nuubph npny wpnpnilpebbp by bu Yue-h whjwghnng dhongukp Bu b

Luipnn Ll Ghpunyb

punghlinh

poiciful

uke:  Wypwhuh

nuukphg

UEYp pmnljupihghbubpt Gl Ukpplp phpyws b ophwlwb gpnymlpunh wepdbnphy
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thwlwiamp upbipbqh thnybpp: Muwnbbpkp J-h b K-h Yunoigdwspuyht pubwdbtpp: U
yniphnp hbwpunnn ©unwbdbwghby:

G, ’
e
Ns = @ e N 0
0N {+}-Duocarmycin 8A H,C00C 7

f. Uhtiphqyl) Gl thnpp Unjbilmytkp nninpudhghlitbph woppunnwph dkjuwbhqup
nruntdlnuuhplng hwdwp: Unuhup oupliphg dBYp unnpl phpgws phnbupbpt &

Nuwwnlibpbp Z nhwljghntmbial) vhowbiljjuy dwubthlh unmgduwspn:

30
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N
Y NH
cl=" N < | //l\ -,

) 0 .
N N N
0 g \( NaHCO; H N NH; o] / ‘(
oBp — % 7 .
CHaS N o e NAOLS CH,S N
H
OH 2171 giv2Vg OH

Cp1H19CIN20,4S
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6.6 % of the Total

a b C d Problem 6
2 4 6 8 20

0.6%

Varenicline Jupnn L uhlpkqyl] uinnpl phpdué upebdwgnd: Pojnp pununphsikpp, npnip
toyuwd Bl winnpl (A ~ H), s1hgpwynpdws, wnwbdbwgyny dwubhljbbp

| = KON
/
; ELOH, HaO
Br Br
NaOtBu
C
LiAlHq
3
FECJLO/J\CFS
D

{CHzCHgzj3N, CHClz

N Y
SO RS

varenicline

NaQ
OCoHs
9 .
A QHSO\//A\COQCEHE‘, P )
|
Pd{OAC), CysP
THF N
0
|-0OCH;
A Hs, PA(OH),
| B
S HsS0,, CHsOH
;
HaN
O HNO5 (2.8 moi/moi E)
S5
R
E iz
Hj, PAIC
! (CHg),CHOH
v
X HaN._ o
H — 7Y W
e
Hah CFy
G
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a. Unwowplk p A ymph lhupmgdwdpp.

A

b. Unwownlbp B byniph Yunnigdwdpp bjubynyg "H-NMR ~h hlwnlymy wmdjuyblphg. 6 7.75
{(singlet, 1H), 7.74 (doublet, 1H, J= 7.9 Hz}, 7.50 (doublet, 1H, /= 7.1 Hz), 7.22 (multiplet, 2
nonequivalent H), 4.97 (triplet, ZH, J= 7.8 Hz), 4.85 (triplet, 2H, J= 7.8 Hz)

B

"H NMR Chemical Shift Ranges*

e
[
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! ! i i ] } ¥ f i i ! i i

Aromatics RyC=CH; Alkyl-H
RCH=0O sy Lo o P R s
RHC=CHR RCCH
O ——
Pho-CH ArCH R,C=CR-CH
e T G
¥-CH Cl-CH 1-CH

Br-0H RC{=0) -CH
SR SRR

RCO,-CH  NC-CH
DRGSR, foo

OzN-CH Ry~ CH
[ o
RCONH ROH
RCOOH
PhOH RpNH
1 i i 1 1 i L i H i ! H 1
12.0 11.0 1¢.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

& (ppm)
¢.  Unwpwplbp C, B, U F ynipkph unmgubpukpp.

C D

d. Suggest reagents X and Y to convert compound G into vareniciine, and provide the isclable
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intermediate H along this roule.
Unwowpllp X b Y wgnuilympkp npnbp hnjuwplth G ~ynipep glyh qupbtthlhb
varenicline b junywhnm|kb H dhewljju) dhwgnepiut unwgoudp tydws ufelduny.

X Y
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IUilI}b.Il 7 7.5 % of the Total

a h ¢ d e f Ivhghp 7

9 | 15 | 8 6 | 8 6 52 7.5%

Uphtunwlub bEpuktinp vinugy b, npujkugh unnpl bpdwd untpunpuanp
tpynt dnjtiyny (nhtbt b nhkundhy) Yuup]sl b Yunnwihggh dhiu-Ugnkph nhwlghwt
nputtg dhel:

a. Snpnipinil mbkh mp ynnblghw] nie, npnbp ~ Thiu-
g

Untph nbwlghuyny Junwgy kb bodus bplny
yniphg wowbg nplik hpdkinnh.
L
N
me”  Me

o

gulijuguds kplynuaf junnigwspn blipplned
phpywd Juibnulnod, npnbp hundwpgnd B
nhghnhqnutptitp” ghppught diyp dmup
tlpuandundp b wipdud Lo wnnple 2bp wptbpomd
oquiugnpdud Lt (=) b (=) npuylingh gnyg diene dienophile  npip
jmpwpuitisnin wpguuhph winkpbnphuhwl: OquugnpsE p RU R ubpljuyughkne hudup
wit whnwljuphsbtipp, npabp windhgww bu nhwlhghuyghb sEi dwubwulgnud:

H’N\(
i. Ukplwpugpk p ynunklighwy wpgquuhpliinhg 0
co,

R E

RI
H’N\fo
© A{O
N
Me/ \Me
COy”
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it. Llipljusjugpt p wninthghuy wpquuhplttiphg gmbjugus kplniup Yunngdudpp
Ghpplnud pipjud Juitinuwljtbpnud, npolip hundwpdnud B Ebwtinpndbipbbp dEyp Boeh
blpundundp: Qbp hunm glwspubpnd oginuagnpdywd ki (—=) b (+) npytugh gniyg
upyh jnipuipwliynip wpquuhph winbkpbnphuhwil: R b R hlswbu (H-nud.

iii. Ukplwugpk'p wnnkhghw] wpquiuhplibiphg gubljugus tplntuh Juenigdwspp
bipphind pipdwd qubmuljubpnid, npnbip hwdwpdnd Bb ghaumépndbpbép (Eyp dnap
Whwvdunip: Qbp tlupbbpnd oqunugnpdqud kit ((—==) b () npykugh gnyg inpdh
jmipupwisinip wpquuhph unbpinphuhutc R b R’ hlswbu (1)-nad,
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b. Vthiu-Uynbnh nhwlighugh wpugnipinicip b phghnuliibnhdnipmip Juhe]ws 1 agy
pnt wonpuiympbph GEhupnbughb gunjuljuuojusniemniihg: Fhlbh U nhtundhih

juinnigywsplbpp a dwuehg npdws bt vinnph.

i. Phklmid opowtih Uke Yhpgpbip wohnusth vyl wnnnudp, npp Ukdwgnty | hp iEjupnbught
fmwnnipniip bowyn wuwndwnny nhwlighugh phpwgpnud bupnn b hwbnbu quy npybu
HEyupnih nabnp: Ukpluyugpt'p nhtuh By phgnbwbuwght pubwal Jwhnuwiow, npp
Lhwpny b hwuwnunaly Akp wuonwuhwbp: 2Ep gqpuis nhignirwbuwghll Junmigdwspuyhy

pubwdimad wnnndbbph pw bokp qbpnjhg wwuppip ponp dbwljut 1kgptipp:

4

CO2_

il. hLbndpinid opewlih dke Jipgphp wohmusth ayb wunndp, npp dhnppugply b ohp
Likljunpniaghl jownnipiibp b oagn undwnm] ntwlghugh plipwgpnud upnn b hwbnba
qu npwhu bLhipnpnih wlghbunnp: thqm]mgph’g nhtundbhh Jkl nhgnbwbuwhb
rabwdlp  duwinalnd, app Jupnn Eohwuowunnk] Akp wwwwuhowblp: Q6p gpws
nhgniuwbinuwghlt unmigfwspughlt pubwdlnmd winndbsph dpu wobp qhipnjhg wwpphp

pnp dhwljwb thgpbpn:
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i 2hllgbny (1) k() Yhnbpnud dkp wunwufpwbbbph dpw, jubjuwnbolip ghtuh b
nhtundph Fhiu-Umbph sluinwqyng nliwlghugh nhghnphdhwb’ yyunnlbpkimy
gluwynp wpgquupph paubwdbn : Mkap sk qilownp wpgquuhph Unjbiyngh
unbiplinphuhwl Lok

¢. Uwnph phipguwd tjupnud tbplupugdws b ghkbp b phkindhp, npnbp ugdus bk
PEpukinh wljpinhy hEbwpnthb dhivb phwlghugh uugbp: Unjupugayb dwop gnyg b
wnwhu dhpdkbnh Yunpdudpp: Yuwdwd nhitndhip wknudnpdws b inpdwdph
huppntpiwlt iy, huly juwggwd ghibp jupdwsph hwppniput Jeplinad: Lkpluymgpt p
Ptipdlrinny Yunnwyhggud Yhu-Usghph nhwlghuwih wpquuhph unnigdubpp uinnpl
phipduws qubpuinul:

Sntyg vkp waipgquuhph unbpinphihwb b oquuugnpdlp R 1 R, hswbu powp wply tp a
Yhunnud winhnthnu dwubipp nputbgny ubpljuymghbing:
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d. thunwplbp htinlyw) whignudubpp dhipdbunbiph Jbpwpkppuy (wphbunwlob jud
pllywl): 8ntpuplbynp wlpdwl hunfup ok p §hown b ugl, phujowg (Jhpgpkp
opgwbugdh Ul §&houn-p und §Uuwy;-p).
i. dEpubtinbbpp wruwg b nudbn kb bwuyynud wbgnudwgh ypdwhu pub nhwgblunukphu
YJud wpguahplikpht.

Shpn Uy

ii. bhpubluntbpp thnfenad b hwdwuwpuiljoenipiul hwununnilip h ognin
wpnnynijubbph.

&hown Uhiuy

ifi. Dhpittnunpy Yunnwihgp dhow dhswmghnud Enliwljghuwgh wlinhugdut
kh;apmquh‘ s{unu hadng nkwlghuyh hudidann:

&how Ulowy

e. Unuglh] ki wphbwnwlul $hpdblnbbph  dngh$hlumgius wwpphkpwlikpp
wwpphp Juinwihnhl wljnhdnpmibbbpay (epdtbwn L L 1L U IV, uunnpls pEpdws
Eh Uyupbkpp). UdhttwppemnibEph tpline dbwgnpnbbpp, npnbp wwppkp &b popnp
$hpdbuntbkph Unwn gouyg kb nipdws: Cunniubp, np bhpulktnnh $niblighntoy pdpbipp
ntnuidnpms Lk wgpwbmipbph hudwyuwnuuhiut Spugukuntiinht
whlhowljubnpku Unw, kpp bpwbp wowewgnud B whgnidughtt Yhéwl wipnhy
YEuwnpnutbiph bk

Uyu snpu dtipdkuntikphg npp wnwdby punn Jupuqughi Ghia-Ugnbph nkaljghwb ng

juunwhuhly nwljghuyh hkw hundbduwnws.

Enzyme #

: 4]
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Enzyme | Enzyme Il

Enzyme itl Enzyme IV

The 44" IChO — Theoretical Examination. The official English version Armenia



Name: i Code: ARM

f. Uphtumnwijuwb VoL VI Stpditinbbph (bughp Ghpphnud) vybghdhlynieniup
untpunpuinh hwtinbuy winniqdby | annpb pipdus 1 - 6 nhklindhy wqnmbmphkp
oquiuugnpdbiyny:

v e k( % H/ %

1 2 3 4 5 B

Urwdly wpug phwlgnud Enhtundhy #1-p ub nbulghuynad, npp unwhgymd £
wphbunwiput V Eighund (hughp bhppbnud), hul VI wphbumnmwlwb Fugdp woundfy
wpwg unnwihgnud b phwlghwb tmappbp nhtlindhiibph duubuygnpiundip:
Ukpluwgdusd g ghbtndhiibnhg npp Yhnugnh wowk wpuq Mye Unbph
ntuwlighuynud, npp juwwhgdnod VI Eughdny:

Dienophile #

Enzyme V

[N

Enzyme VI
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vunhp 8 8.3% of the Total
bei | beii | beiii | b-iv | b-v | -1 | c-ii c-iii lmhp 8
2 3 4 6 4 2 5 8 2 36 8.3%

Nnhghly by wapndwnhlyy dhwgnipnibiitpp (MTUU) dplnapuh wnunupsbbp B, puyyg buhb
[nruwpdwynn nhnnibph pumunphytp: Upe elnppp Jkpaupkpgnud £ gaaght TUT
dhwgnipnibbbph, wjuhtpt Uk phlqniuihb onuly pupdpnipiudp puyg nputg
bphwpmpinilip Qupnnb bk hndinfowlw: Twobwdap opplwlubp Bl phbgn)p,
wilnnpughkiin b whinwghlp, npntp wunEpdws e vnnple Ypuby Phqhluiwb b
phuhwiwt hwwnlnypmbbbpp jujuws B mwpusnipniihg, npph vwhdwbbbpnd
nhnluihqugyws b n Lkljpinpnbught wdup:

benzene anthracene pentacens
4 i ! ! ! )
X i | i : i |
-~ = - i 3 ~|
d da P !

a. UEY pEbqnpuihl oquilh Epiupmpiniup d = 240 pm T Oquuugnpdtyny wyn wpdbpp,
hwipyhp mbinpugkbth b wklwnmwgkuh (x) hophgnbwljub wpwbgpny kpljupnuegniap & 1 d,
hudwyunuuuwbwmpun:

The distance across the benzene ring i1s ¢ = 240 pm. Use this information to estimate the distances
along the horizontal (x} axis for anthracene and pentacene, d, and d, respectively.

Ubwnpugkih hundwap, d, =

NhEnwghtth hwdwp, dy =

b. Mupgnipjub hwdwp phgnitilip , np phtnnjh 7« -HEyupnubbpp qubdnd B pununuuh
dnnbmud: Uy dnnhith ppewhuinud MUU-h qnignpnyus 7o -H Eunpnibpp Yupng Bl
nhwwplub; npujbu wqun dwubhljubp Gplpyw wiplnnod:
Gpisuth x- b y-wnwetigpbbipny wplnnod qunbidnn BEYunpnUtliph hudwp
pYwlinwgdws Eukpghugh Jhawlp npnodad © hknlbyjuw) hwduwowpnadn.
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For electrons in a two-dimensional box along the x- and y-axes, the quantized energy states
of the electrons are given by

U huuuwpdwt ke 7, b n, -p wdpnnewlpwl puwbwnwghb pdlip b 1-hg dhish o
tubpghwih Jhdwlih hwdwp, b uithh hwnnownnh b, me BEnpnbh quiqqust §, huly L,
bW Ly—p wiplnh swhulipl b

In this equation, #, and », are the quantum numbers for the energy state and are infegers
between 1 and o, 4 is Planck’s constant, m. 1s the mass of the electron and L, and L, are the
dimensions of the box.

Uju jubimpmid MUU-h e B Elnpnbbbipp nhumenlbp npuybu dwubhlibp, apnbp guntdnmd B
tnlpwih wplnmud, », by —p whlups poén b

For this problem, treat the = ¢lectrons of the PAHs as particles in a two dimensional box. In this
case, the quantum numbers n, and n, are independent.

i. Uju jolinpnud pinmilip,ap phugnughtt onuibh dhwdnpp x by wnwbigpny nlh unyb 4
Eplupnipnitip: dmpu phphp phnhwinip pubwdlb pywbmwgdwd thkpghuyh husdupbh
hwdwp, apwbu pnitljghw 7, bny pwinnughb puphg, & bpljupmpmmthg, Uhwugus
phlgniuyht onwljiiph pyhg w, tul 22 b m, hwunwwnnthikphg:

For this problem, assume that the benzene unit has x and y dimensions that are each of length 4.
Derive a general formula for the quantized energies of linear PAHs as a function of quantum
numbers iy and ny, the length d, the number of fused rings w, and the fundamental constants 4 and

M,
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ii. Unnnpl phipdws & yblnwghih hudwp Eutpghwlwb Jhdwlh nhwgpwd, npp gnyg £
i hu tubkpghwbbpp, pdutnughte pubpp ny, 7y, w-Eijupnbibpng jpugdws popp
Jwlpupruijubpp b ypwgdws guspugnyyb dwljwpnulip: Upuplbinn wuwnlipnad Lt

R Equpniithp hwubwgniguhbn vy httnny:

The energy level diagram below for pentacene shows qualitatively the energies and quantum
numbers ny, ny, for all ievels occupied by n-elecirons and the lowest unoccupied energy level, with
the electrons of opposite spins represented as the arrows pointing up or down. The levels are labeled
with quantum numbers (ny; 1y).

Pentacene:
_(3:2)
1o
1125 2)
L1 2)
1485 1)
s
i)
G
)
LG D)
1@
a:h

Uwnph wunlipjws Ewinnpugkuh Eibpghuiiub dhdwlh phwgpodp: Ujwnhp,np npny
Fubpghwlul dwlwpnuljubp mkl Jhlitmyb Fubpghwit Un phwegpodnd jpugpm &hon
pyny LiEhwnpnbbbkp upmptbpmy, npatp hunfwwypunwujuubnmd b wapughlnad

n B Elinpnliblphl: Uphp bwl #y, ny mpdtipbinp popnp jpugdws b sjpugdusd thbpghwljub
Umljuprpuljnhph hadwp:

The energy level diagram for anthracene is shown below. Note that some energy levels may
have the same energy. Fill in the energy level diagram with the correct number of up and down
arrows to represent the n electrons in anthracene. Also, the blanks in parentheses within this diagram
are the quantum numbers 1y, 1y, which you need to determine. Fill these blanks with the pertinent
values of ny, ny for each filled and the lowest unfilled encrgy level(s).

Anthracene:
i)
B G B G
i)
N G
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o

iii. Oqurugnpshp wyu Unnhip phlignih Fekpghwlwb nhwgpuadp ugqubng hudwp b
1pwgpat Eubipghwljwh dwljuprnuijubpp fejupnbtbpny: Muwnlipbp wjinbn bwb
sipugduis Fhlipghwlbub dwljwpnulp: Lokp impupwbynin Eukpghulywb duljupnwipi
hwdwywwwapiwtng #x bz -p Ayupstp, np dwubhlip punwlnieh wplnnod dnnkp
wwhu b linyb Bulpghwlub Jwupnulubpp, his dno doglijubipp:

Use this model to create an energy level diagram for benzene and fill the pertinent energy levels
with electrons. Include energy levels up to and including the lowest unoccupied energy level. Label
each energy level in your diagram with the corresponding ny, #y. Do not assume that the particle-in-
a-square-box model used here gives the same energy levels as other models.

tv. Zwdwn MUY dhwgmpmnittbph wpnhympmniip hwjungupd hudbduonwljpet © A
Fulipghwlus popyphl 7 BiEupnbbbpny pugdud pupdpugnyin b sjpugyusd guspugnriy
tulipghwljwtl dwljuepnualjutiph dhelt Zwpdbp Eubkpghwbbph wwppbpmpmlp AF ( Qnny)
pugdud pupdpuigngtt by pugdus guspugnyt Fubpghwlpob duljwpnulibtph dhelt
plignih, whwpugbih b whlnwgkih hwdwp: n) b i) JEnkpmd vnwgwsd dkip
wpnnipttinh oquuugnnpstp  wbwpughbh Qud phlgmh hunfmp, jool Gph smiubp
oquuugnpdtp (2, 2) pupdpwgnibh jpugdws b (3, 2) gmopugnyb sjpugdms Fubpghuljut
dwljupnuljubpp wyy Gplin dnjknybbph bunlwp (qputip fupng b dhow wpdbphkp skb):
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Often the reactivity of PAHs correlates inversely with the energy gap AL between the highest energy
levei occupied by m-electrons and the lowest unoccupied energy level. Calculate the energy gap AL
(in Joules) between the highest occupied and lowest unoccupied energy levels for benzene,
anthracene and pentacene, Use your result from parts ii) and iii} for anthracene or benzene,
respectively, or use (2, 2) for the highest occupied energy level and (3, 2} for the lowest unoccupied
energy level for these two molecules (these may not be the true values).

AL phlignih hwilwp:

AE winapugkbh hmlfﬁip:

AE mihtunnmugbth hwdwp:

Twuwynphp phugnip (B), mbwnpwgkun (A) b whlnwgktn (P) nhuljgmumpiub
Uhdwguwl Yupgny wobny hwdwnyuinwuhoub wauntpp dwjuhg we:
48
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Rank benzene (B), anthracene (A), and pentacene (P} in order of increasing reactivity by
placing the corresponding letters from left to right in the box below.

£hy il Cun wlpnp]

Least reactive ~-r-—----- T TR > Most reactive

v, Ukpplip phpdws Bu BEhupntiught puinfwb aublupbbpp (njught lpunhbhghow -
wihph Lpljuwpnueimtb ) pklgnih (B),, winnpughth (A) b yikwnwgtbh (P) hunlap:
Zhubnfbny dwubthlp wpynnod donbiph Jpu, bpkp np uagkljnpp np nuehb © yuonlwbnad,
ntubny hurdwujunnmuhnul wwep we Jubnulmd:

The electronic absorption spectra {molar absorptivity vs. wavelength) for benzene (B), anthracene
(A), and pentacene (P) are shown below. Based on a qualitative understanding of the particle in the
box model, indicate which molecule corresponds to which spectrum by writing the appropriate letter
in the box to its right.

€
200 408 BCC
A, nim
o f
i
]
|

2N

300 800 S00
A, hm

200 400 600 800
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¢. dpwdbhp wohwdth wwndtbph skpwn b Ugt Ywpnn & nhndb], npybu QUT
dhwgnipywl duypuihbn nhuyp: thuwplihn gpudkbh hwpp otipn hinbpuyg sauhubpmy]
L=25 nm x Ly=25 nm. “Fpu hwunjwop wpuannliipjws §aanple

Graphene is a sheet of carbon atoms arranged in a two-dimensional honeycomb pattern. It can be
considered as an extreme case of a polyaromatic hydrocarbon with essentially infinite length n the
two dimensions. The Nobel Prize for Physics was awarded in 2010 to Andrei Geim and Konstantin
Novoselov for groundbreaking experiments on graphene.

Consider a sheet of graphene with planar dimensions of Ly=25 nm by L,=25 nm. A section
of this sheet is shown below.

i. ULl hkpuwgnbiuy 6-wshwdtughll hugnph dwlkphup ~52400 pm* b Zupdbp «
IEjunpnlbEph phynp (25 nm x 25 nm) yudhubpnyd qpuadblh pipnmd: Qupng bp
wphwdwns Eqpught Ejnpaubbpp:

The area of one hexagonal 6-carbon unit is ~52400 pm?”. Calculate the number of 7 electrons in a (25
nm x 25 nm) sheet of graphene. For this problem you can ignore edge electrons (i.¢., those outside
the full hexagons in the picture).
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it. Ukup Ywpnn Ghp phuwpll) gpudtuh o Llilpopntbbpp, spoyybu wquun bEjunpnbbbp
plswth wpynnud: ULS pyny LiElpnpnbbkp wupminelnn hwdwlupgipmad shw wmubdht
pupdpugnytt  pugyws  Ehtipghuluwl dwlupnpuly Gpw ginfuwpbt jub o pwn
dwiuipnuyjebp unwn und tnygb Ebipghuygny, npnghg dipl qunidnnbpp quwwwpl B Uy
pupdpugnyle  pugdus  dwluppuljukpp npoonwd B wpuybu Ynsduws dupdhp
dwlpwpnuilyp: $kpdph dwljupnuwlp qpadbinid punugws ko, b », pdubinught pdbph
ndphtimghwtphg: Npnokp dkpuhh dwijpupnuyh titipghwib 25 nm % 25 nm jupwlnium
gpudbuh hundwp gudpwgnyl . jpugdwd” dwlwpnulh hwlnby: Swonpwgnyb jpugdud
dwpwpnulih tubpghwi 0 sk, shwywos Juptyh b oplgoity 00 vunhpp nustine hwdwn
oquiuljup I bbkpluwpmguly (2,n,) pdwbinughb Jhdwjutipp npylu gutigh fhwbp wnnph
bhplwyugws duny: Eiklpinpnbbiph pilh hundwp oquuugnpsdtip (i) Ghnh dlip wipgnibpp,
Juad 1000 wipdtpp (qu YJupnn | &hown s1hup):

We can think about the m electrons in graphene as being free electrons in a 2-dimensional box.

In systems containing large numbers of electrons, there is no single highest occupied energy level.
Instead, there are many states of nearly the same energy above which the remaining are empty.
These highest occupied states determine the so-called Fermi level, The Fermi level in graphene
consists of multiple combinations of n, and », quantum numbers. Determine the energy of the Fermi
fevel for the 25 nm x 25 nm square of graphene relative to the lowest filled level. The lowest filled
level has a non-zero energy; however, it 1s negligible, and can be assumed to be zero. To solve this
problem it might be helpful to represent the (n,.»,) quantum states as points on a 2-D grid (as shown
below) and consider how the energy levels are filled with pairs of electrons. For the number of
electrons use your result from part (i} or use a value of 1000 (this may not be the true value).
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iil. Gpudkl wnhuh tnupbpnud hurgnpyuljwbiniepnlip hwugupd hboadbdwnaubub b
Fubkpghwyh pohsphtt jpugdws pupdpugny b sppugdud gudspugnub Bilipghwlwb
dwljpupruljibph dhel: Oquwugnpstp dbp whwhgp, MUY dhwgnbpmbbbph b
qpupktnid © GEYwnpnbbbnh Jepuplppug hbuuljugnipimibpp, npnsbim hudup
htnbyjwy haapgp™ 25 nm =% 25 am surhtpay punwlniah gpudbith hwnnpnuluwinipiup
hwjuuwp b, Ubs b, plotimpp £ 1 m > 1 m sunhbipny punwlnuh gpudkih
huwnnppuwinipnithg: Thewbalth dhe Jhipgptp £hou wunwuhwip:

The conductivity of graphene-like materials correlates inversely with the energy gap between the
lowest unoccupied and highest occupied energy levels. Use your analysis and understanding of n
electrons in PAHs and graphene to predict whether the conductivity of a 25 nm = 25 nm square of
graphene, at a given temperature, is less than, equal to or greater than the conductivity ofa 1 m % 1
m square of graphene (which is the largest obtained to date). Circle the correct answer:

thnpn hwJwuwn uks
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