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8KQN KRAN=HH DA=HPD =J@ OQO?ALPE>EHEPU PK @EOA=OA @ALAJ@O QLKJ PDA ?KILHAT EJPAN=?PEKJ >APSAAJ UKQN CAJAPE? I=GAQL

=J@ AJRENKJIAJP=H ATLKOQNA� SEPD PDA KQP?KIA @EBBE?QHP PK LNA@E?P� $=NHU @APA?PEKJ KB >EKI=NGANO� OQ>OP=J?AO PD=P

EJ@E?=PA =J KNC=JEOIwO @EOA=OA KN LDUOEKHKCE?=H OP=PA� ?KQH@ =HHKS @E=CJKOEO =J@ PNA=PIAJP >ABKNA = ?KJ@EPEKJ >A?KIAO

OANEKQO KN ENNARANOE>HA� 1A?AJP OPQ@EAO D=RA ODKSJ PD=P UKQN ATD=HA@ >NA=PD ?=J ?KJP=EJ IKHA?QHAO PD=P I=U >A

>EKI=NGANO BKN NA?AJP ATLKOQNA PK AJRENKJIAJP=H ?KJP=IEJ=JPO KN BKN L=PDKHKCE?=H ?KJ@EPEKJO N=JCEJC BNKI =OPDI=

PK HQJC ?=J?AN� 2?EAJPEOPO =NA SKNGEJC PK @ARAHKL >EKI=NGAN xBEJCANLNEJPOy PD=P ?KQH@ >A QOA@ PK @E=CJKOA = OLA?EBE?

@EOA=OA >=OA@ KJ PDA =IKQJPO =J@ E@AJPEPEAO KB ?ANP=EJ IKHA?QHAO EJ = L=PEAJPwO ATD=HA@ >NA=PD�  J AOOAJPE=H ?KJ?ALP

QJ@ANHUEJC PDEO CK=H EO PD=P KB = IKHA?QHAwO E@AJPEPU� SDE?D EO @APANIEJA@ >U PDA JQI>ANO =J@ PULAO KB =PKIO EP

?KJP=EJO� =J@ DKS PDAU =NA >KJ@A@ PKCAPDAN� 3DEO ?D=LPAN SEHH @AO?NE>A OKIA KB PDA BQJ@=IAJP=H ?DAIE?=H LNEJ?ELHAO

NAH=PA@�PK�PDA�?KILKOEPEKJ�KB�I=PPAN��EJ?HQ@EJC�PDKOA�?AJPN=H�PK�PDA�?KJ?ALP�KB�IKHA?QH=N�E@AJPEPU�

3DEO ?D=LPAN SEHH H=U PDA BKQJ@=PEKJ BKN KQN OPQ@U KB PDA H=JCQ=CA KB ?DAIEOPNU� 3DA ?KJ?ALPO KB PDEO BKQJ@=PEKJ

EJ?HQ@A PDA =PKIE? PDAKNU� PDA ?KILKOEPEKJ =J@ I=OO KB =J =PKI� PDA R=NE=>EHEPU KB PDA ?KILKOEPEKJ KB EOKPKLAO� EKJ

BKNI=PEKJ� ?DAIE?=H >KJ@O EJ EKJE? =J@ ?KR=HAJP ?KILKQJ@O� PDA PULAO KB ?DAIE?=H NA=?PEKJO� =J@ PDA J=IEJC KB

?KILKQJ@O�
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t 2P=PA�PDA�LKOPQH=PAO�KB�#=HPKJwO�=PKIE?�PDAKNU

t 4OA�LKOPQH=PAO�KB�#=HPKJwO�=PKIE?�PDAKNU�PK�ATLH=EJ�PDA�H=SO�KB�@ABEJEPA�=J@�IQHPELHA�LNKLKNPEKJO

3DA A=NHEAOP NA?KN@A@ @EO?QOOEKJ KB PDA >=OE? OPNQ?PQNA KB I=PPAN ?KIAO BNKI =J?EAJP &NAAG LDEHKOKLDANO� PDA O?EAJPEOPO

KB PDAEN @=U� (J PDA BEBPD ?AJPQNU !"� +AQ?ELLQO =J@ #AIK?NEPQO =NCQA@ PD=P =HH I=PPAN S=O ?KILKOA@ KB OI=HH� BEJEPA

L=NPE?HAO PD=P PDAU ?=HHA@ .A<:<@� = PANI @ANERA@ BNKI PDA &NAAG SKN@ BKN xEJ@EREOE>HA�y 3DAU PDKQCDP KB =PKIO =O

IKREJC L=NPE?HAO PD=P @EBBANA@ EJ OD=LA =J@ OEVA� =J@ SDE?D ?KQH@ FKEJ PKCAPDAN� +=PAN�  NEOPKPHA =J@ KPDANO ?=IA PK

PDA ?KJ?HQOEKJ PD=P I=PPAN ?KJOEOPA@ KB R=NEKQO ?KI>EJ=PEKJO KB PDA BKQN xAHAIAJPOyvBENA� A=NPD� =EN� =J@ S=PANv=J@

?KQH@ >A EJBEJEPAHU @ERE@A@� (JPANAOPEJCHU� PDAOA LDEHKOKLDANO PDKQCDP =>KQP =PKIO =J@ xAHAIAJPOy =O LDEHKOKLDE?=H

?KJ?ALPO��>QP�=LL=NAJPHU�JARAN�?KJOE@ANA@�LANBKNIEJC�ATLANEIAJPO�PK�PAOP�PDAEN�E@A=O�

3DA  NEOPKPAHE=J REAS KB PDA ?KILKOEPEKJ KB I=PPAN DAH@ OS=U BKN KRAN PSK PDKQO=J@ UA=NO� QJPEH $JCHEOD O?DKKHPA=?DAN

)KDJ #=HPKJ DAHLA@ PK NARKHQPEKJEVA ?DAIEOPNU SEPD DEO DULKPDAOEO PD=P PDA >AD=REKN KB I=PPAN ?KQH@ >A ATLH=EJA@

QOEJC =J =PKIE? PDAKNU� %ENOP LQ>HEODA@ EJ ����� I=JU KB #=HPKJwO DULKPDAOAO =>KQP PDA IE?NKO?KLE? BA=PQNAO KB I=PPAN

=NA�OPEHH�R=HE@�EJ�IK@ANJ�=PKIE?�PDAKNU��'ANA�=NA�PDA�LKOPQH=PAO�KB �/:B=<TA�/B=;71�B63=@G�

�� ,=PPAN EO ?KILKOA@ KB AT?AA@EJCHU OI=HH L=NPE?HAO ?=HHA@ =PKIO�  J =PKI EO PDA OI=HHAOP QJEP KB =J AHAIAJP

PD=P�?=J�L=NPE?EL=PA�EJ�=�?DAIE?=H�?D=JCA�

��  J AHAIAJP ?KJOEOPO KB KJHU KJA PULA KB =PKI� SDE?D D=O = I=OO PD=P EO ?D=N=?PANEOPE? KB PDA AHAIAJP =J@ EO PDA

O=IA BKN =HH =PKIO KB PD=P AHAIAJP ��=;IF9 �
�	�  I=?NKO?KLE? O=ILHA KB =J AHAIAJP ?KJP=EJO =J EJ?NA@E>HU

H=NCA�JQI>AN�KB�=PKIO��=HH�KB�SDE?D�D=RA�E@AJPE?=H�?DAIE?=H�LNKLANPEAO�
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��  ?KILKQJ@ ?KJOEOPO KB =PKIO KB PSK KN IKNA AHAIAJPO ?KI>EJA@ EJ = OI=HH� SDKHAJQI>AN N=PEK� (J = CERAJ
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��  PKIO =NA JAEPDAN ?NA=PA@ JKN @AOPNKUA@ @QNEJC = ?DAIE?=H ?D=JCA� >QP =NA EJOPA=@ NA=NN=JCA@ PK UEAH@

OQ>OP=J?AO�PD=P�=NA�@EBBANAJP�BNKI�PDKOA�LNAOAJP�>ABKNA�PDA�?D=JCA���=;IF9��
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#=HPKJwO =PKIE? PDAKNU LNKRE@AO = IE?NKO?KLE? ATLH=J=PEKJ KB PDA I=JU I=?NKO?KLE? LNKLANPEAO KB I=PPAN PD=P UKQwRA

HA=NJA@ =>KQP� %KN AT=ILHA� EB =J AHAIAJP OQ?D =O ?KLLAN ?KJOEOPO KB KJHU KJA GEJ@ KB =PKI� PDAJ EP ?=JJKP >A >NKGAJ

@KSJ EJPK OEILHAN OQ>OP=J?AO� PD=P EO� EJPK OQ>OP=J?AO ?KILKOA@ KB BASAN PULAO KB =PKIO�  J@ EB =PKIO =NA JAEPDAN

?NA=PA@ JKN @AOPNKUA@ @QNEJC = ?DAIE?=H ?D=JCA� PDAJ PDA PKP=H I=OO KB I=PPAN LNAOAJP SDAJ I=PPAN ?D=JCAO BNKI KJA

PULA�PK�=JKPDAN�SEHH�NAI=EJ�?KJOP=JP��PDA�H=S�KB�?KJOANR=PEKJ�KB�I=PPAN	�

�L5AD@9��
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(J PDA BKHHKSEJC @N=SEJC� PDA CNAAJ OLDANAO NALNAOAJP =PKIO KB = ?ANP=EJ AHAIAJP� 3DA LQNLHA OLDANAO

NALNAOAJP =PKIO KB =JKPDAN AHAIAJP� (B PDA OLDANAO PKQ?D� PDAU =NA L=NP KB = OEJCHA QJEP KB = ?KILKQJ@� #KAO

PDA BKHHKSEJC ?DAIE?=H ?D=JCA NALNAOAJPA@ >U PDAOA OUI>KHO REKH=PA =JU KB PDA E@A=O KB #=HPKJwO =PKIE?

PDAKNU��(B�OK��SDE?D�KJA�

+C@IH=CB

3DA OP=NPEJC I=PANE=HO ?KJOEOP KB PSK CNAAJ OLDANAO =J@ PSK LQNLHA OLDANAO� 3DA LNK@Q?PO ?KJOEOP KB KJHU

KJA CNAAJ OLDANA =J@ KJA LQNLHA OLDANA� 3DEO REKH=PAO #=HPKJwO LKOPQH=PA PD=P =PKIO =NA JAEPDAN ?NA=PA@ JKN

@AOPNKUA@ @QNEJC = ?DAIE?=H ?D=JCA� >QP =NA IANAHU NA@EOPNE>QPA@� �(J PDEO ?=OA� =PKIO =LLA=N PK D=RA >AAJ

@AOPNKUA@�	

�<97?�1CIF�$95FB=B;

(J PDA BKHHKSEJC @N=SEJC� PDA CNAAJ OLDANAO NALNAOAJP =PKIO KB = ?ANP=EJ AHAIAJP� 3DA LQNLHA OLDANAO

NALNAOAJP =PKIO KB =JKPDAN AHAIAJP� (B PDA OLDANAO PKQ?D� PDAU =NA L=NP KB = OEJCHA QJEP KB = ?KILKQJ@� #KAO

PDA BKHHKSEJC ?DAIE?=H ?D=JCA NALNAOAJPA@ >U PDAOA OUI>KHO REKH=PA =JU KB PDA E@A=O KB #=HPKJwO =PKIE?

PDAKNU��(B�OK��SDE?D�KJA�

�<AE3@� 3DA�OP=NPEJC�I=PANE=HO�?KJOEOP�KB�BKQN�CNAAJ�OLDANAO�=J@�PSK�LQNLHA�OLDANAO��3DA�LNK@Q?PO�?KJOEOP

KB�BKQN�CNAAJ�OLDANAO�=J@�PSK�LQNLHA�OLDANAO��3DEO�@KAO�JKP�REKH=PA�=JU�KB�#=HPKJwO�LKOPQH=PAO�� PKIO�=NA

JAEPDAN�?NA=PA@�JKN�@AOPNKUA@��>QP�=NA�NA@EOPNE>QPA@�EJ�OI=HH��SDKHAJQI>AN�N=PEKO�

#=HPKJ GJAS KB PDA ATLANEIAJPO KB %NAJ?D ?DAIEOP )KOALD /NKQOP� SDK @AIKJOPN=PA@ PD=P .99 @.:=92@ <3 . =B?2

0<:=<B;1 0<;A.6; A52 @.:2 292:2;A@ 6; A52 @.:2 =?<=<?A6<; /F :.@@� 3DEO OP=PAIAJP EO GJKSJ =O PDA :/E =4 2347<7B3

>@=>=@B7=<A KN PDA :/E =4 1=<AB/<B 1=;>=A7B7=<� 3DA OQCCAOPEKJ PD=P PDA JQI>ANO KB =PKIO KB PDA AHAIAJPO EJ = CERAJ

?KILKQJ@ =HS=UO ATEOP EJ PDA O=IA N=PEK EO ?KJOEOPAJP SEPD PDAOA K>OANR=PEKJO� %KN AT=ILHA� SDAJ @EBBANAJP O=ILHAO

KB EOKK?P=JA �= ?KILKJAJP KB C=OKHEJA =J@ KJA KB PDA OP=J@=N@O QOA@ EJ PDA K?P=JA N=PEJC OUOPAI	 =NA =J=HUVA@� PDAU

=NA�BKQJ@�PK�D=RA�=�?=N>KJPKDU@NKCAJ�I=OO�N=PEK�KB���������=O�ODKSJ�EJ ,56@9��
�

�CBGH5BH��CADCG=H=CB�C:�!GCC7H5B9

+5AD@9 �5F6CB  M8FC;9B %5GG�*5H=C

 ������B �����B
14.82 g carbon

2.78 g hydrogen
=

5.33 g carbon
1.00 g hydrogen

,56@9��
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�CBGH5BH��CADCG=H=CB�C:�!GCC7H5B9

+5AD@9 �5F6CB  M8FC;9B %5GG�*5H=C

! ������B �����B
22.33 g carbon

4.19 g hydrogen
=

5.33 g carbon
1.00 g hydrogen

" ������B �����B
19.40 g carbon

3.63 g hydrogen
=

5.33 g carbon
1.00 g hydrogen

,56@9��


(P EO SKNPD JKPEJC PD=P =HPDKQCD =HH O=ILHAO KB = L=NPE?QH=N ?KILKQJ@ D=RA PDA O=IA I=OO N=PEK� PDA ?KJRANOA EO JKP

PNQA EJ CAJAN=H� 3D=P EO� O=ILHAO PD=P D=RA PDA O=IA I=OO N=PEK =NA JKP JA?AOO=NEHU PDA O=IA OQ>OP=J?A� %KN AT=ILHA�

PDANA�=NA�I=JU�?KILKQJ@O�KPDAN�PD=J�EOKK?P=JA�PD=P�=HOK�D=RA�=�?=N>KJPKDU@NKCAJ�I=OO�N=PEK�KB�����������

#=HPKJ =HOK QOA@ @=P= BNKI /NKQOP� =O SAHH =O NAOQHPO BNKI DEO KSJ ATLANEIAJPO� PK BKNIQH=PA =JKPDAN EJPANAOPEJC H=S�

3DA :/E =4 ;C:B7>:3 >@=>=@B7=<A OP=PAO PD=P D52; AD< 292:2;A@ ?2.0A A< 3<?: :<?2 A5.; <;2 0<:=<B;1� . 36E21 :.@@

<3 <;2 292:2;A D699 ?2.0A D6A5 :.@@2@ <3 A52 <A52? 292:2;A 6; . ?.A6< <3 @:.99� D5<92 ;B:/2?@� %KN AT=ILHA� ?KLLAN

=J@ ?DHKNEJA ?=J BKNI = CNAAJ� ?NUOP=HHEJA OKHE@ SEPD = I=OO N=PEK KB ����� C ?DHKNEJA PK � C ?KLLAN� =O SAHH =O =

>NKSJ ?NUOP=HHEJA OKHE@ SEPD = I=OO N=PEK KB ����� C ?DHKNEJA PK � C ?KLLAN� 3DAOA N=PEKO >U PDAIOAHRAO I=U JKP OAAI

L=NPE?QH=NHU EJPANAOPEJC KN EJBKNI=PERA� DKSARAN� EB SA P=GA = N=PEK KB PDAOA N=PEKO� SA K>P=EJ = QOABQH =J@ LKOOE>HU

OQNLNEOEJC�NAOQHP��=�OI=HH��SDKHAJQI>AN�N=PEK�

1.116 g Cl
1 g Cu

0.558 g Cl
1 g Cu

= 2
1

3DEO �PK� N=PEK IA=JO PD=P PDA >NKSJ ?KILKQJ@ D=O PSE?A PDA =IKQJP KB ?DHKNEJA LAN =IKQJP KB ?KLLAN =O PDA CNAAJ

?KILKQJ@�

3DEO ?=J >A ATLH=EJA@ >U =PKIE? PDAKNU EB PDA ?KLLANPK?DHKNEJA N=PEK EJ PDA >NKSJ ?KILKQJ@ EO � ?KLLAN =PKI PK �

?DHKNEJA =PKIO� =J@ PDA N=PEK EJ PDA CNAAJ ?KILKQJ@ EO � ?KLLAN =PKI PK � ?DHKNEJA =PKI� 3DA N=PEK KB ?DHKNEJA =PKIO

�=J@�PDQO�PDA�N=PEK�KB�PDAEN�I=OOAO	�EO�PDANABKNA���PK�����=;IF9��
�	�
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>CGJMDI@�=T�BM@@I�NKC@M@N��OC@�>JKK@M�>CGJMDI@�>JHKJPI?�DI��=	�C<N�ORD>@�<N�H<IT�>CGJMDI@�<OJHN�K@M�>JKK@M�<OJH�

�>M@?DO�<��HJ?DAD><ODJI�JA�RJMF�=T�r!@IE<C=HH��s�6DFDH@?D<�"JHHJIN��>M@?DO�=��HJ?DAD><ODJI�JA�RJMF�=T
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 O=ILHA KB ?KILKQJ@  �= ?HA=N� ?KHKNHAOO C=O	 EO =J=HUVA@ =J@ BKQJ@ PK ?KJP=EJ ���� C ?=N>KJ =J@ ����

C KTUCAJ�  O=ILHA KB ?KILKQJ@ ! �=HOK = ?HA=N� ?KHKNHAOO C=O	 EO =J=HUVA@ =J@ BKQJ@ PK ?KJP=EJ ���� C

?=N>KJ =J@ ����� C KTUCAJ�  NA PDAOA @=P= =J AT=ILHA KB PDA H=S KB @ABEJEPA LNKLKNPEKJO� PDA H=S KB IQHPELHA

LNKLKNPEKJO��KN�JAEPDAN��6D=P�@K�PDAOA�@=P=�PAHH�UKQ�=>KQP�OQ>OP=J?AO� �=J@�!�

+C@IH=CB

(J�?KILKQJ@� ��PDA�I=OO�N=PEK�KB�?=N>KJ�PK�KTUCAJ�EO�

1.33 g O
1 g C

(J�?KILKQJ@�!��PDA�I=OO�N=PEK�KB�?=N>KJ�PK�KTUCAJ�EO�

2.67 g O
1 g C

3DA�N=PEK�KB�PDAOA�N=PEKO�EO�

1.33 g O
1 g C

2.67 g O
1 g C

= 1
2

3DEO OQLLKNPO PDA H=S KB IQHPELHA LNKLKNPEKJO� 3DEO IA=JO PD=P  =J@ ! =NA @EBBANAJP ?KILKQJ@O� SEPD  

D=REJC KJAD=HB =O IQ?D ?=N>KJ LAN =IKQJP KB KTUCAJ �KN PSE?A =O IQ?D ?=N>KJ LAN =IKQJP KB KTUCAJ	 =O

!�� �LKOOE>HA�L=EN�KB�?KILKQJ@O�PD=P�SKQH@�BEP�PDEO�NAH=PEKJODEL�SKQH@�>A� ���".�=J@�!���".��

�<97?�1CIF�$95FB=B;

 O=ILHA KB ?KILKQJ@ 7 �= ?HA=N� ?KHKNHAOO� ?KI>QOPE>HA HEMQE@ SEPD = JKPE?A=>HA K@KN	 EO =J=HUVA@ =J@

BKQJ@ PK ?KJP=EJ ����� C ?=N>KJ =J@ ���� C DU@NKCAJ�  O=ILHA KB ?KILKQJ@ 8 �= ?HA=N� ?KHKNHAOO�

?KI>QOPE>HA HEMQE@ SEPD = JKPE?A=>HA K@KN PD=P EO OHECDPHU @EBBANAJP BNKI 7wO K@KN	 EO =J=HUVA@ =J@ BKQJ@ PK

?KJP=EJ ����� C ?=N>KJ =J@ ���� C DU@NKCAJ�  NA PDAOA @=P= =J AT=ILHA KB PDA H=S KB @ABEJEPA LNKLKNPEKJO�
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PDA�H=S�KB�IQHPELHA�LNKLKNPEKJO��KN�JAEPDAN��6D=P�@K�PDAOA�@=P=�PAHH�UKQ�=>KQP�OQ>OP=J?AO�7�=J@�8�

�<AE3@� (J�?KILKQJ@�7��PDA�I=OO�N=PEK�KB�?=N>KJ�PK�DU@NKCAJ�EO
14.13 g C
2.96 g H

. (J�?KILKQJ@�8��PDA�I=OO

N=PEK�KB�?=N>KJ�PK�KTUCAJ�EO
19.91 g C
3.34 g H

. 3DA�N=PEK�KB�PDAOA�N=PEKO�EO

14.13 g C
2.96 g H
19.91 g C
3.34 g H

=
4.77 g C/g H
5.96 g C/g H

= 0.800 = 4
5

. 3DEO�OI=HH��SDKHAJQI>AN�N=PEK�OQLLKNPO�PDA�H=S�KB�IQHPELHA

LNKLKNPEKJO��3DEO�IA=JO�PD=P�7�=J@�8�=NA�@EBBANAJP�?KILKQJ@O�

�
� �JC@IH=CB�C:��HCA=7�,<9CFM

!U�PDA�AJ@�KB�PDEO�OA?PEKJ��UKQ�SEHH�>A�=>HA�PK�

t .QPHEJA�IEHAOPKJAO�EJ�PDA�@ARAHKLIAJP�KB�IK@ANJ�=PKIE?�PDAKNU

t 2QII=NEVA�=J@�EJPANLNAP�PDA�NAOQHPO�KB�PDA�ATLANEIAJPO�KB�3DKIOKJ��,EHHEG=J��=J@�1QPDANBKN@

t #AO?NE>A�PDA�PDNAA�OQ>=PKIE?�L=NPE?HAO�PD=P�?KILKOA�=PKIO

t #ABEJA�EOKPKLAO�=J@�CERA�AT=ILHAO�BKN�OARAN=H�AHAIAJPO

(B I=PPAN EO ?KILKOA@ KB =PKIO� SD=P =NA =PKIO ?KILKOA@ KB�  NA PDAU PDA OI=HHAOP L=NPE?HAO� KN EO PDANA OKIAPDEJC

OI=HHAN� (J PDA H=PA ����O� = JQI>AN KB O?EAJPEOPO EJPANAOPA@ EJ MQAOPEKJO HEGA PDAOA EJRAOPEC=PA@ PDA AHA?PNE?=H

@EO?D=NCAO PD=P ?KQH@ >A LNK@Q?A@ EJ HKSLNAOOQNA C=OAO� SEPD PDA IKOP OECJEBE?=JP @EO?KRANU I=@A >U $JCHEOD

LDUOE?EOP )� )� 3DKIOKJ QOEJC = ?=PDK@A N=U PQ>A� 3DEO =LL=N=PQO ?KJOEOPA@ KB = OA=HA@ CH=OO PQ>A BNKI SDE?D =HIKOP

=HH PDA =EN D=@ >AAJ NAIKRA@� PDA PQ>A ?KJP=EJA@ PSK IAP=H AHA?PNK@AO� 6DAJ DECD RKHP=CA S=O =LLHEA@ =?NKOO PDA

AHA?PNK@AO� = REOE>HA >A=I ?=HHA@ = ?=PDK@A N=U =LLA=NA@ >APSAAJ PDAI� 3DEO >A=I S=O @ABHA?PA@ PKS=N@ PDA LKOEPERA

?D=NCA =J@ =S=U BNKI PDA JAC=PERA ?D=NCA� =J@ S=O LNK@Q?A@ EJ PDA O=IA S=U SEPD E@AJPE?=H LNKLANPEAO SDAJ @EBBANAJP

IAP=HO SANA QOA@ BKN PDA AHA?PNK@AO� (J OEIEH=N ATLANEIAJPO� PDA N=U S=O OEIQHP=JAKQOHU @ABHA?PA@ >U =J =LLHEA@

I=CJAPE? BEAH@� =J@ IA=OQNAIAJPO KB PDA ATPAJP KB @ABHA?PEKJ =J@ PDA I=CJAPE? BEAH@ OPNAJCPD =HHKSA@ 3DKIOKJ PK

?=H?QH=PA PDA ?D=NCAPKI=OO N=PEK KB PDA ?=PDK@A N=U L=NPE?HAO� 3DA NAOQHPO KB PDAOA IA=OQNAIAJPO EJ@E?=PA@ PD=P PDAOA

L=NPE?HAO�SANA�IQ?D�HECDPAN�PD=J�=PKIO���=;IF9��
�	�

"C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN ��



�=;IF9��
� �<	�)��)��3CJHNJI�KMJ?P>@?�<�QDND=G@�=@<H�DI�<�><OCJ?@�M<T�OP=@���=	�3CDN�DN�<I�@<MGT�><OCJ?@�M<T�OP=@�

DIQ@IO@?�DI������=T�%@M?DI<I?�!M<PI���>	�(I�OC@�><OCJ?@�M<T��OC@�=@<H��NCJRI�DI�T@GGJR	�>JH@N�AMJH�OC@�><OCJ?@�<I?

DN�<>>@G@M<O@?�K<NO�OC@�<IJ?@�OJR<M?�<�AGPJM@N>@IO�N><G@�<O�OC@�@I?�JA�OC@�OP=@��2DHPGO<I@JPN�?@AG@>ODJIN�=T�<KKGD@?

@G@>OMD>�<I?�H<BI@OD>�AD@G?N�K@MHDOO@?�3CJHNJI�OJ�><G>PG<O@�OC@�H<NNOJ>C<MB@�M<ODJ�JA�OC@�K<MOD>G@N�>JHKJNDIB�OC@

><OCJ?@�M<T���>M@?DO�<��HJ?DAD><ODJI�JA�RJMF�=T�-J=@G�%JPI?<ODJI��>M@?DO�=��HJ?DAD><ODJI�JA�RJMF�=T�$PB@I�-@NK@M�

>M@?DO�>��HJ?DAD><ODJI�JA�RJMF�=T�r*PMUJIs�6DFDH@?D<�"JHHJIN	

!=OA@ KJ DEO K>OANR=PEKJO� DANA EO SD=P 3DKIOKJ LNKLKOA@ =J@ SDU� 3DA L=NPE?HAO =NA =PPN=?PA@ >U LKOEPERA ��	

?D=NCAO =J@ NALAHHA@ >U JAC=PERA �~	 ?D=NCAO� OK PDAU IQOP >A JAC=PERAHU ?D=NCA@ �HEGA ?D=NCAO NALAH =J@ QJHEGA

?D=NCAO =PPN=?P	� PDAU =NA HAOO I=OOERA PD=J =PKIO =J@ EJ@EOPEJCQEOD=>HA� NAC=N@HAOO KB PDA OKQN?A I=PANE=H� OK PDAU

IQOP >A BQJ@=IAJP=H� OQ>=PKIE? ?KJOPEPQAJPO KB =HH =PKIO�  HPDKQCD ?KJPNKRANOE=H =P PDA PEIA� 3DKIOKJwO E@A= S=O

CN=@Q=HHU =??ALPA@� =J@ DEO ?=PDK@A N=U L=NPE?HA EO SD=P SA JKS ?=HH =J 3:31B@=<� = JAC=PERAHU ?D=NCA@� OQ>=PKIE?

L=NPE?HA SEPD = I=OO IKNA PD=J KJA PDKQO=J@PEIAO HAOO PD=P KB =J =PKI� 3DA PANI xAHA?PNKJy S=O ?KEJA@ EJ ���� >U

(NEOD�LDUOE?EOP�&AKNCA�2PKJAU��BNKI�x2920A?E?�E<;�y

"GD>F <9F9��<HHD���CD9BGH5L
CF;�@��"",<CAGCB� OJ�C@<M�3CJHNJI�?@N>MD=@�CDN�?DN>JQ@MT�DI�CDN�JRI

QJD>@�

(J ����� IKNA EJBKNI=PEKJ =>KQP PDA AHA?PNKJ S=O QJ?KRANA@ >U  IANE?=J LDUOE?EOP 1K>ANP  � ,EHHEG=J RE= DEO xKEH

@NKLy ATLANEIAJPO� ,EHHEG=J ?NA=PA@ IE?NKO?KLE? KEH @NKLHAPO� SDE?D ?KQH@ >A AHA?PNE?=HHU ?D=NCA@ >U BNE?PEKJ =O PDAU

$=B?�HC�$95FB=B;
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BKNIA@ KN >U QOEJC 7N=UO� 3DAOA @NKLHAPO EJEPE=HHU BAHH @QA PK CN=REPU� >QP PDAEN @KSJS=N@ LNKCNAOO ?KQH@ >A OHKSA@

KN ARAJ NARANOA@ >U =J AHA?PNE? BEAH@ HKSAN EJ PDA =LL=N=PQO� !U =@FQOPEJC PDA AHA?PNE? BEAH@ OPNAJCPD =J@ I=GEJC ?=NABQH

IA=OQNAIAJPO =J@ =LLNKLNE=PA ?=H?QH=PEKJO� ,EHHEG=J S=O =>HA PK @APANIEJA PDA ?D=NCA KJ EJ@ERE@Q=H @NKLO ��=;IF9

�
�	�

�=;IF9��
� ,DGGDF<IqN�@SK@MDH@IO�H@<NPM@?�OC@�>C<MB@�JA�DI?DQD?P<G�JDG�?MJKN��3C@�O<=PG<O@?�?<O<�<M@�@S<HKG@N�JA�<

A@R�KJNND=G@�Q<GP@N�

+KKGEJC =P PDA ?D=NCA @=P= PD=P ,EHHEG=J C=PDANA@� UKQ I=U D=RA NA?KCJEVA@ PD=P PDA ?D=NCA KB =J KEH @NKLHAP EO =HS=UO

= IQHPELHA KB = OLA?EBE? ?D=NCA� ��� × ��~�� "� ,EHHEG=J ?KJ?HQ@A@ PD=P PDEO R=HQA IQOP PDANABKNA >A = BQJ@=IAJP=H

?D=NCAvPDA ?D=NCA KB = OEJCHA AHA?PNKJvSEPD DEO IA=OQNA@ ?D=NCAO @QA PK =J AT?AOO KB KJA AHA?PNKJ �� PEIAO ��� ×
��~�� "	� PSK AHA?PNKJO �� PEIAO ��� × ��~�� "	� PDNAA AHA?PNKJO �� PEIAO ��� × ��~�� "	� =J@ OK KJ� KJ = CERAJ KEH

@NKLHAP� 2EJ?A PDA ?D=NCA KB =J AHA?PNKJ S=O JKS GJKSJ @QA PK ,EHHEG=JwO NAOA=N?D� =J@ PDA ?D=NCAPKI=OO N=PEK S=O

=HNA=@U GJKSJ @QA PK 3DKIOKJwO NAOA=N?D ������ × ���� "�GC	� EP KJHU NAMQENA@ = OEILHA ?=H?QH=PEKJ PK @APANIEJA

PDA�I=OO�KB�PDA�AHA?PNKJ�=O�SAHH�

Mass of electron = 1.602 × 10−19 C ×
1 kg

1.759 × 1011 C
= 9.107 × 10−31 kg

2?EAJPEOPO D=@ JKS AOP=>HEODA@ PD=P PDA =PKI S=O JKP EJ@EREOE>HA =O #=HPKJ D=@ >AHEARA@� =J@ @QA PK PDA SKNG KB

3DKIOKJ� ,EHHEG=J� =J@ KPDANO� PDA ?D=NCA =J@ I=OO KB PDA JAC=PERA� OQ>=PKIE? L=NPE?HAOvPDA AHA?PNKJOvSANA

GJKSJ� 'KSARAN� PDA LKOEPERAHU ?D=NCA@ L=NP KB =J =PKI S=O JKP UAP SAHH QJ@ANOPKK@� (J ����� 3DKIOKJ LNKLKOA@

PDA xLHQI LQ@@EJCy IK@AH KB =PKIO� SDE?D @AO?NE>A@ = LKOEPERAHU ?D=NCA@ I=OO SEPD =J AMQ=H =IKQJP KB JAC=PERA

?D=NCA EJ PDA BKNI KB AHA?PNKJO AI>A@@A@ EJ EP� OEJ?A =HH =PKIO =NA AHA?PNE?=HHU JAQPN=H�  ?KILAPEJC IK@AH D=@ >AAJ

LNKLKOA@ EJ ���� >U '=JP=NK -=C=KG=� SDK LKOPQH=PA@ = 2=PQNJHEGA =PKI� ?KJOEOPEJC KB = LKOEPERAHU ?D=NCA@ OLDANA

OQNNKQJ@A@�>U�=�D=HK�KB�AHA?PNKJO���=;IF9��
�	�
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�=;IF9��
� �<	�3CJHNJI�NPBB@NO@?�OC<O�<OJHN�M@N@H=G@?�KGPH�KP??DIB��<I�$IBGDNC�?@NN@MO�>JINDNODIB�JA�HJDNO�><F@

RDOC�@H=@??@?�M<DNDIN��rKGPHNs	���=	�-<B<JF<�KMJKJN@?�OC<O�<OJHN�M@N@H=G@?�OC@�KG<I@O�2<OPMI��RDOC�<�MDIB�JA

@G@>OMJIN�NPMMJPI?DIB�<�KJNDODQ@�rKG<I@O�s��>M@?DO�<��HJ?DAD><ODJI�JA�RJMF�=T�r,<I�QTDs�6DFDH@?D<�"JHHJIN��>M@?DO�=�

HJ?DAD><ODJI�JA�RJMF�=T�r- 2 s�6DFDH@?D<�"JHHJIN	

3DA JATP I=FKN @ARAHKLIAJP EJ QJ@ANOP=J@EJC PDA =PKI ?=IA BNKI $NJAOP 1QPDANBKN@� = LDUOE?EOP BNKI -AS 9A=H=J@

SDK H=NCAHU OLAJP DEO O?EAJPEBE? ?=NAAN EJ "=J=@= =J@ $JCH=J@� 'A LANBKNIA@ = OANEAO KB ATLANEIAJPO QOEJC = >A=I KB

DECDOLAA@� LKOEPERAHU ?D=NCA@ /:>6/ >/@B71:3A �N >/@B71:3A� PD=P SANA LNK@Q?A@ >U PDA N=@EK=?PERA @A?=U KB N=@EQI�

k L=NPE?HAO ?KJOEOP KB PSK LNKPKJO =J@ PSK JAQPNKJO �UKQ SEHH HA=NJ IKNA =>KQP N=@EK=?PERA @A?=U EJ PDA ?D=LPAN

KJ JQ?HA=N ?DAIEOPNU	� 1QPDANBKN@ =J@ DEO ?KHHA=CQAO '=JO &AECAN �H=PAN B=IKQO BKN PDA &AECAN ?KQJPAN	 =J@ $NJAOP

,=NO@AJ =EIA@ = >A=I KB k L=NPE?HAO� PDA OKQN?A KB SDE?D S=O AI>A@@A@ EJ = HA=@ >HK?G PK =>OKN> IKOP KB PDA

N=@E=PEKJ� =P = RANU PDEJ LEA?A KB CKH@ BKEH =J@ AT=IEJA@ PDA NAOQHP=JP O?=PPANEJC KB PDA k L=NPE?HAO QOEJC = HQIEJAO?AJP

O?NAAJ�PD=P�CHKSA@�>NEABHU�SDANA�DEP�>U�=J�k�L=NPE?HA�

6D=P @E@ PDAU @EO?KRAN� ,KOP L=NPE?HAO L=OOA@ NECDP PDNKQCD PDA BKEH SEPDKQP >AEJC @ABHA?PA@ =P =HH� 'KSARAN� OKIA

SANA @ERANPA@ OHECDPHU� =J@ = RANU OI=HH JQI>AN SANA @ABHA?PA@ =HIKOP OPN=ECDP >=?G PKS=N@ PDA OKQN?A ��=;IF9 �
�	�

1QPDANBKN@ @AO?NE>A@ BEJ@EJC PDAOA NAOQHPO� x(P S=O MQEPA PDA IKOP EJ?NA@E>HA ARAJP PD=P D=O ARAN D=LLAJA@ PK IA EJ

IU HEBA� (P S=O =HIKOP =O EJ?NA@E>HA =O EB UKQ BENA@ = ��EJ?D ODAHH =P = LEA?A KB PEOOQA L=LAN =J@ EP ?=IA >=?G =J@ DEP

UKQ�y:�;

�� $NJAOP�1QPDANBKN@��x3DA�#ARAHKLIAJP�KB�PDA�3DAKNU�KB� PKIE?�2PNQ?PQNA�y�A@��)�� ��1=P?HEBBA��EJ �.084?<B;1�A<��<12?;�%062;02��A@O�

)KOALD�-AA@D=I�=J@�6=HPAN�/=CAH���"=I>NE@CA��4*��"=I>NE@CA�4JERANOEPU�/NAOO������	����u���� ??AOOA@�2ALPAI>AN����������

DPPLO���E=�������QO�=N?DERA�KNC���EPAIO�>=?GCNKQJ@PKIK@A������I>L�>=?GCNKQJ@PKIK@A������I>L�L@B�
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�=;IF9��
� &@DB@M�<I?�1POC@MAJM?�ADM@?�g�K<MOD>G@N�<O�<�KD@>@�JA�BJG?�AJDG�<I?�?@O@>O@?�RC@M@�OCJN@�K<MOD>G@N�R@IO��<N

NCJRI�DI�OCDN�N>C@H<OD>�?D<BM<H�JA�OC@DM�@SK@MDH@IO��,JNO�JA�OC@�K<MOD>G@N�K<NN@?�NOM<DBCO�OCMJPBC�OC@�AJDG��=PO�<�A@R

R@M@�?@AG@>O@?�NGDBCOGT�<I?�<�Q@MT�NH<GG�IPH=@M�R@M@�NDBIDAD><IOGT�?@AG@>O@?�

'ANA EO SD=P 1QPDANBKN@ @A@Q?A@� !A?=QOA IKOP KB PDA B=OPIKREJC k L=NPE?HAO L=OOA@ PDNKQCD PDA CKH@ =PKIO

QJ@ABHA?PA@� PDAU IQOP D=RA PN=RAHA@ PDNKQCD AOOAJPE=HHU AILPU OL=?A EJOE@A PDA =PKI�  HLD= L=NPE?HAO =NA LKOEPERAHU

?D=NCA@� OK @ABHA?PEKJO =NKOA SDAJ PDAU AJ?KQJPANA@ =JKPDAN LKOEPERA ?D=NCA �HEGA ?D=NCAO NALAH A=?D KPDAN	� 2EJ?A

HEGA ?D=NCAO NALAH KJA =JKPDAN� PDA BAS LKOEPERAHU ?D=NCA@ k L=NPE?HAO PD=P ?D=JCA@ L=PDO =>NQLPHU IQOP D=RA DEP� KN

?HKOAHU =LLNK=?DA@� =JKPDAN >K@U PD=P =HOK D=@ = DECDHU ?KJ?AJPN=PA@� LKOEPERA ?D=NCA� 2EJ?A PDA @ABHA?PEKJO K??QNNA@

= OI=HH BN=?PEKJ KB PDA PEIA� PDEO ?D=NCA KJHU K??QLEA@ = OI=HH =IKQJP KB PDA OL=?A EJ PDA CKH@ BKEH�  J=HUVEJC = OANEAO

KB�OQ?D�ATLANEIAJPO�EJ�@AP=EH��1QPDANBKN@�@NAS�PSK�?KJ?HQOEKJO�

�� 3DA�RKHQIA�K??QLEA@�>U�=J�=PKI�IQOP�?KJOEOP�KB�=�H=NCA�=IKQJP�KB�AILPU�OL=?A�

��  �OI=HH��NAH=PERAHU�DA=RU��LKOEPERAHU�?D=NCA@�>K@U��PDA <C1:3CA��IQOP�>A�=P�PDA�?AJPAN�KB�A=?D�=PKI�

5D@R�OCDN G=AI@5H=CB��<HHD���CD9BGH5L
CF;�@��*IH<9F:CF8� JA�OC@�1POC@MAJM?�BJG?�AJDG�@SK@MDH@IO�� ?EPNO

OC@�NGDO�RD?OC�OJ�KMJ?P>@�<�I<MMJR@M�JM�=MJ<?@M�=@<H�JA�g�K<MOD>G@N�OJ�N@@�CJR�OC<O�<AA@>ON�OC@�N><OO@MDIB

K<OO@MI�

3DEO =J=HUOEO HA@ 1QPDANBKN@ PK LNKLKOA = IK@AH EJ SDE?D =J =PKI ?KJOEOPO KB = RANU OI=HH� LKOEPERAHU ?D=NCA@ JQ?HAQO�

EJ SDE?D IKOP KB PDA I=OO KB PDA =PKI EO ?KJ?AJPN=PA@� OQNNKQJ@A@ >U PDA JAC=PERAHU ?D=NCA@ AHA?PNKJO� OK PD=P PDA

=PKI EO AHA?PNE?=HHU JAQPN=H ��=;IF9 �
�	�  BPAN I=JU IKNA ATLANEIAJPO� 1QPDANBKN@ =HOK @EO?KRANA@ PD=P PDA JQ?HAE

KB KPDAN AHAIAJPO ?KJP=EJ PDA DU@NKCAJ JQ?HAQO =O = x>QEH@EJC >HK?G�y =J@ DA J=IA@ PDEO IKNA BQJ@=IAJP=H L=NPE?HA

PDA >@=B=<� PDA LKOEPERAHU ?D=NCA@� OQ>=PKIE? L=NPE?HA BKQJ@ EJ PDA JQ?HAQO� 6EPD KJA =@@EPEKJ� SDE?D UKQ SEHH HA=NJ

JATP��PDEO�JQ?HA=N�IK@AH�KB�PDA�=PKI��LNKLKOA@�KRAN�=�?AJPQNU�=CK��EO�OPEHH�QOA@�PK@=U�

$=B?�HC�$95FB=B;
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�=;IF9��
� 3C@�g�K<MOD>G@N�<M@�?@AG@>O@?�JIGT�RC@I�OC@T�>JGGD?@�RDOC�JM�K<NN�>GJN@�OJ�OC@�HP>C�C@<QD@M��KJNDODQ@GT

>C<MB@?�BJG?�IP>G@PN��!@><PN@�OC@�IP>G@PN�DN�Q@MT�NH<GG�>JHK<M@?�OJ�OC@�NDU@�JA�<I�<OJH��Q@MT�A@R�g�K<MOD>G@N�<M@

?@AG@>O@?��,JNO�K<NN�OCMJPBC�OC@�M@G<ODQ@GT�G<MB@�M@BDJI�J>>PKD@?�=T�@G@>OMJIN��RCD>C�<M@�OJJ�GDBCO�OJ�?@AG@>O�OC@

M<KD?GT�HJQDIB�K<MOD>G@N�

3C@ *IH<9F:CF8�+75HH9F=B;�G=AI@5H=CB��<HHD���CD9BGH5L
CF;�@��(<9H+75HH9F� <GGJRN�TJP�OJ�DIQ@NODB<O@

OC@�?DAA@M@I>@N�=@OR@@I�<�rKGPH�KP??DIBs�<OJH�<I?�<�1POC@MAJM?�<OJH�=T�ADMDIB�g�K<MOD>G@N�<O�@<>C�OTK@�JA

<OJH�

 JKPDAN EILKNP=JP BEJ@EJC S=O PDA @EO?KRANU KB EOKPKLAO� #QNEJC PDA A=NHU ����O� O?EAJPEOPO E@AJPEBEA@ OARAN=H

OQ>OP=J?AO PD=P =LLA=NA@ PK >A JAS AHAIAJPO� EOKH=PEJC PDAI BNKI N=@EK=?PERA KNAO� %KN AT=ILHA� = xJAS AHAIAJPy

LNK@Q?A@ >U PDA N=@EK=?PERA @A?=U KB PDKNEQI S=O EJEPE=HHU CERAJ PDA J=IA IAOKPDKNEQI� 'KSARAN� = IKNA @AP=EHA@

=J=HUOEO ODKSA@ PD=P IAOKPDKNEQI S=O ?DAIE?=HHU E@AJPE?=H PK N=@EQI �=JKPDAN @A?=U LNK@Q?P	� @AOLEPA D=REJC =

@EBBANAJP =PKIE? I=OO� 3DEO NAOQHP� =HKJC SEPD OEIEH=N BEJ@EJCO BKN KPDAN AHAIAJPO� HA@ PDA $JCHEOD ?DAIEOP %NA@ANE?G

2K@@U PK NA=HEVA PD=P =J AHAIAJP ?KQH@ D=RA PULAO KB =PKIO SEPD @EBBANAJP I=OOAO PD=P SANA ?DAIE?=HHU

EJ@EOPEJCQEOD=>HA� 3DAOA @EBBANAJP PULAO =NA ?=HHA@ 7A=B=>3Av=PKIO KB PDA O=IA AHAIAJP PD=P @EBBAN EJ I=OO� 2K@@U

S=O�=S=N@A@�PDA�-K>AH�/NEVA�EJ�"DAIEOPNU�EJ������BKN�PDEO�@EO?KRANU�

.JA LQVVHA NAI=EJA@� 3DA JQ?HAQO S=O GJKSJ PK ?KJP=EJ =HIKOP =HH KB PDA I=OO KB =J =PKI� SEPD PDA JQI>AN KB

LNKPKJO KJHU LNKRE@EJC D=HB� KN HAOO� KB PD=P I=OO� #EBBANAJP LNKLKO=HO SANA I=@A PK ATLH=EJ SD=P ?KJOPEPQPA@ PDA

NAI=EJEJC I=OO� EJ?HQ@EJC PDA ATEOPAJ?A KB JAQPN=H L=NPE?HAO EJ PDA JQ?HAQO�  O UKQ IECDP ATLA?P� @APA?PEJC QJ?D=NCA@

L=NPE?HAO EO RANU ?D=HHAJCEJC� =J@ EP S=O JKP QJPEH ���� PD=P )=IAO "D=@SE?G BKQJ@ ARE@AJ?A KB <3CB@=<A� QJ?D=NCA@�

OQ>=PKIE? L=NPE?HAO SEPD = I=OO =LLNKTEI=PAHU PDA O=IA =O PD=P KB LNKPKJO� 3DA ATEOPAJ?A KB PDA JAQPNKJ =HOK

ATLH=EJA@ EOKPKLAO� 3DAU @EBBAN EJ I=OO >A?=QOA PDAU D=RA @EBBANAJP JQI>ANO KB JAQPNKJO� >QP PDAU =NA ?DAIE?=HHU

$=B?�HC�$95FB=B;
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E@AJPE?=H�>A?=QOA�PDAU�D=RA�PDA�O=IA�JQI>AN�KB�LNKPKJO��3DEO�SEHH�>A�ATLH=EJA@�EJ�IKNA�@AP=EH�H=PAN�

�
� �HCA=7�+HFI7HIF9�5B8�+MA6C@=GA

!U�PDA�AJ@�KB�PDEO�OA?PEKJ��UKQ�SEHH�>A�=>HA�PK�

t 6NEPA�=J@�EJPANLNAP�OUI>KHO�PD=P�@ALE?P�PDA�=PKIE?�JQI>AN��I=OO�JQI>AN��=J@�?D=NCA�KB�=J�=PKI�KN�EKJ

t #ABEJA�PDA�=PKIE?�I=OO�QJEP�=J@�=RAN=CA�=PKIE?�I=OO

t "=H?QH=PA�=RAN=CA�=PKIE?�I=OO�=J@�EOKPKLE?�=>QJ@=J?A

3DA @ARAHKLIAJP KB IK@ANJ =PKIE? PDAKNU NARA=HA@ IQ?D =>KQP PDA EJJAN OPNQ?PQNA KB =PKIO� (P S=O HA=NJA@ PD=P =J

=PKI ?KJP=EJO = RANU OI=HH JQ?HAQO ?KILKOA@ KB LKOEPERAHU ?D=NCA@ LNKPKJO =J@ QJ?D=NCA@ JAQPNKJO� OQNNKQJ@A@ >U =

IQ?D H=NCAN RKHQIA KB OL=?A ?KJP=EJEJC JAC=PERAHU ?D=NCA@ AHA?PNKJO� 3DA JQ?HAQO ?KJP=EJO PDA I=FKNEPU KB =J =PKIwO

I=OO >A?=QOA LNKPKJO =J@ JAQPNKJO =NA IQ?D DA=REAN PD=J AHA?PNKJO� SDANA=O AHA?PNKJO K??QLU =HIKOP =HH KB =J =PKIwO

RKHQIA� 3DA @E=IAPAN KB =J =PKI EO KJ PDA KN@AN KB ��~�� I� SDANA=O PDA @E=IAPAN KB PDA JQ?HAQO EO NKQCDHU ��~��

Iv=>KQP ������� PEIAO OI=HHAN� %KN = LANOLA?PERA =>KQP PDAEN NAH=PERA OEVAO� ?KJOE@AN PDEO� (B PDA JQ?HAQO SANA PDA

OEVA�KB�=�>HQA>ANNU��PDA�=PKI�SKQH@�>A�=>KQP�PDA�OEVA�KB�=�BKKP>=HH�OP=@EQI���=;IF9��
	�

�=;IF9��
 (A�<I�<OJH�>JPG?�=@�@SK<I?@?�OJ�OC@�NDU@�JA�<�AJJO=<GG�NO<?DPH��OC@�IP>G@PN�RJPG?�=@�OC@�NDU@�JA�<�NDIBG@

=GP@=@MMT���>M@?DO�HD??G@��HJ?DAD><ODJI�JA�RJMF�=T�r=<=TFIDBCOs�6DFDH@?D<�"JHHJIN��>M@?DO�MDBCO��HJ?DAD><ODJI�JA�RJMF

=T�/<SNJI�6J@G=@M	

 PKIOv=J@ PDA LNKPKJO� JAQPNKJO� =J@ AHA?PNKJO PD=P ?KILKOA PDAIv=NA ATPNAIAHU OI=HH� %KN AT=ILHA� = ?=N>KJ

=PKI SAECDO HAOO PD=J � × ��~�� C� =J@ =J AHA?PNKJ D=O = ?D=NCA KB HAOO PD=J � × ��~�� " �?KQHKI>	� 6DAJ

@AO?NE>EJC PDA LNKLANPEAO KB PEJU K>FA?PO OQ?D =O =PKIO� SA QOA =LLNKLNE=PAHU OI=HH QJEPO KB IA=OQNA� OQ?D =O PDA

/B=;71 ;/AA C<7B �/;C� =J@ PDA 4C<2/;3<B/: C<7B =4 16/@53 �3�� 3DA =IQ S=O KNECEJ=HHU @ABEJA@ >=OA@ KJ

DU@NKCAJ� PDA HECDPAOP AHAIAJP� PDAJ H=PAN EJ PANIO KB KTUCAJ� 2EJ?A ����� EP D=O >AAJ @ABEJA@ SEPD NAC=N@ PK PDA

IKOP =>QJ@=JP EOKPKLA KB ?=N>KJ� =PKIO KB SDE?D =NA =OOECJA@ I=OOAO KB AT=?PHU �� =IQ� �3DEO EOKPKLA EO GJKSJ =O

x?=N>KJ��y =O SEHH >A @EO?QOOA@ H=PAN EJ PDEO IK@QHA�	 3DQO� KJA =IQ EO AT=?PHU 1
12

KB PDA I=OO KB KJA ?=N>KJ��

=PKI� � =IQ � ������ × ��~�� C� �3DA �/:B=< ��/� =J@ PDA C<74732 /B=;71 ;/AA C<7B �C� =NA =HPANJ=PERA QJEPO PD=P

=NA AMQER=HAJP PK PDA =IQ�	 3DA BQJ@=IAJP=H QJEP KB ?D=NCA �=HOK ?=HHA@ PDA AHAIAJP=NU ?D=NCA	 AMQ=HO PDA I=CJEPQ@A

KB�PDA�?D=NCA�KB�=J�AHA?PNKJ��A	�SEPD�A�������� × ��~�� "�

 LNKPKJ D=O = I=OO KB ������ =IQ =J@ = ?D=NCA KB ���  JAQPNKJ EO = OHECDPHU DA=REAN L=NPE?HA SEPD = I=OO ������

=IQ =J@ = ?D=NCA KB VANK� =O EPO J=IA OQCCAOPO� EP EO JAQPN=H� 3DA AHA?PNKJ D=O = ?D=NCA KB �~ =J@ EO = IQ?D HECDPAN

L=NPE?HA SEPD = I=OO KB =>KQP ������� =IQ �EP SKQH@ P=GA =>KQP ���� AHA?PNKJO PK AMQ=H PDA I=OO KB KJA LNKPKJ	�

3DA LNKLANPEAO KB PDAOA BQJ@=IAJP=H L=NPE?HAO =NA OQII=NEVA@ EJ ,56@9 �
�� � J K>OANR=JP OPQ@AJP IECDP JKPE?A PD=P

PDA OQI KB =J =PKIwO OQ>=PKIE? L=NPE?HAO @KAO JKP AMQ=H PDA =PKIwO =?PQ=H I=OO� 3DA PKP=H I=OO KB OET LNKPKJO� OET
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JAQPNKJO� =J@ OET AHA?PNKJO EO ������� =IQ� OHECDPHU H=NCAN PD=J ����� =IQ� 3DEO xIEOOEJCy I=OO EO GJKSJ =O PDA I=OO

@ABA?P��=J@�UKQ�SEHH�HA=NJ�=>KQP�EP�EJ�PDA�?D=LPAN�KJ�JQ?HA=N�?DAIEOPNU�	

(FCD9FH=9G�C:�+I65HCA=7�(5FH=7@9G

&5A9 $C75H=CB �<5F;9���� -B=H��<5F;9 %5GG��5AI� %5GG��;�

@G@>OMJI JPOND?@�IP>G@PN w����� × ��w�� �w ������� ������� × ��w��

KMJOJI IP>G@PN ����� × ��w�� �� ������� ������� × ��w��

I@POMJI IP>G@PN � � ������� ������� × ��w��

,56@9��
�

3DA JQI>AN KB LNKPKJO EJ PDA JQ?HAQO KB =J =PKI EO EPO /B=;71 <C;03@ �.�� 3DEO EO PDA @ABEJEJC PN=EP KB =J AHAIAJP� (PO

R=HQA @APANIEJAO PDA E@AJPEPU KB PDA =PKI� %KN AT=ILHA� =JU =PKI PD=P ?KJP=EJO OET LNKPKJO EO PDA AHAIAJP ?=N>KJ =J@

D=O PDA =PKIE? JQI>AN �� NAC=N@HAOO KB DKS I=JU JAQPNKJO KN AHA?PNKJO EP I=U D=RA�  JAQPN=H =PKI IQOP ?KJP=EJ PDA

O=IA JQI>AN KB LKOEPERA =J@ JAC=PERA ?D=NCAO� OK PDA JQI>AN KB LNKPKJO AMQ=HO PDA JQI>AN KB AHA?PNKJO� 3DANABKNA�

PDA =PKIE? JQI>AN =HOK EJ@E?=PAO PDA JQI>AN KB AHA?PNKJO EJ =J =PKI� 3DA PKP=H JQI>AN KB LNKPKJO =J@ JAQPNKJO EJ =J

=PKI EO ?=HHA@ EPO ;/AA <C;03@ ���� 3DA JQI>AN KB JAQPNKJO EO PDANABKNA PDA @EBBANAJ?A >APSAAJ PDA I=OO JQI>AN

=J@�PDA�=PKIE?�JQI>AN�� �u�9���JQI>AN�KB�JAQPNKJO�

atomic number (Z) = number of protons

mass number (A) = number of protons + number of neutrons

A − Z = number of neutrons

 PKIO =NA AHA?PNE?=HHU JAQPN=H EB PDAU ?KJP=EJ PDA O=IA JQI>AN KB LKOEPERAHU ?D=NCA@ LNKPKJO =J@ JAC=PERAHU ?D=NCA@

AHA?PNKJO� 6DAJ PDA JQI>ANO KB PDAOA OQ>=PKIE? L=NPE?HAO =NA ;<A AMQ=H� PDA =PKI EO AHA?PNE?=HHU ?D=NCA@ =J@ EO ?=HHA@

=J 7=<��3DA�?D=NCA�KB�=J�=PKI�EO�@ABEJA@�=O�BKHHKSO�

 PKIE?�?D=NCA���JQI>AN�KB�LNKPKJO�~�JQI>AN�KB�AHA?PNKJO

 O SEHH >A @EO?QOOA@ EJ IKNA @AP=EH� =PKIO �=J@ IKHA?QHAO	 PULE?=HHU =?MQENA ?D=NCA >U C=EJEJC KN HKOEJC AHA?PNKJO�  J

=PKI PD=P C=EJO KJA KN IKNA AHA?PNKJO SEHH ATDE>EP = JAC=PERA ?D=NCA =J@ EO ?=HHA@ =J /<7=<� /KOEPERAHU ?D=NCA@ =PKIO

?=HHA@ 1/B7=<A =NA BKNIA@ SDAJ =J =PKI HKOAO KJA KN IKNA AHA?PNKJO� %KN AT=ILHA� = JAQPN=H OK@EQI =PKI �9 � ��	

D=O �� AHA?PNKJO� (B PDEO =PKI HKOAO KJA AHA?PNKJ� EP SEHH >A?KIA = ?=PEKJ SEPD = �� ?D=NCA ��� ~ �� � ��	�  JAQPN=H

KTUCAJ =PKI �9 � �	 D=O AECDP AHA?PNKJO� =J@ EB EP C=EJO PSK AHA?PNKJO EP SEHH >A?KIA =J =JEKJ SEPD = �~ ?D=NCA �� ~

������~	�

�L5AD@9��
�

�CADCG=H=CB�C:�5B��HCA

(K@EJA EO =J AOOAJPE=H PN=?A AHAIAJP EJ KQN @EAP� EP EO JAA@A@ PK LNK@Q?A PDUNKE@ DKNIKJA� (JOQBBE?EAJP EK@EJA

EJ�PDA�@EAP�?=J�HA=@�PK�PDA�@ARAHKLIAJP�KB�=�CKEPAN��=J�AJH=NCAIAJP�KB�PDA�PDUNKE@�CH=J@���=;IF9��
�	�
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�=;IF9��
� �<	�(INPAAD>D@IO�DJ?DI@�DI�OC@�?D@O�><I�><PN@�<I�@IG<MB@H@IO�JA�OC@�OCTMJD?�BG<I?�><GG@?�<�BJDO@M�

�=	�3C@�<??DODJI�JA�NH<GG�<HJPION�JA�DJ?DI@�OJ�N<GO��RCD>C�KM@Q@ION�OC@�AJMH<ODJI�JA�BJDO@MN��C<N�C@GK@?

@GDHDI<O@�OCDN�>JI>@MI�DI�OC@�42�RC@M@�N<GO�>JINPHKODJI�DN�CDBC���>M@?DO�<��HJ?DAD><ODJI�JA�RJMF�=T

r GH<UDs�6DFDH@?D<�"JHHJIN��>M@?DO�=��HJ?DAD><ODJI�JA�RJMF�=T�,DF@�,JU<MO	

3DA =@@EPEKJ KB OI=HH =IKQJPO KB EK@EJA PK P=>HA O=HP �EK@EVA@ O=HP	 D=O AOOAJPE=HHU AHEIEJ=PA@ PDEO DA=HPD

?KJ?ANJ EJ PDA 4JEPA@ 2P=PAO� >QP =O IQ?D =O ��� KB PDA SKNH@wO LKLQH=PEKJ EO OPEHH =P NEOG KB EK@EJA

@ABE?EAJ?U� 3DA EK@EJA =PKIO =NA =@@A@ =O =JEKJO� =J@ A=?D D=O = �~ ?D=NCA =J@ = I=OO JQI>AN KB ����

#APANIEJA�PDA�JQI>ANO�KB�LNKPKJO��JAQPNKJO��=J@�AHA?PNKJO�EJ�KJA�KB�PDAOA�EK@EJA�=JEKJO�

+C@IH=CB

3DA =PKIE? JQI>AN KB EK@EJA ���	 PAHHO QO PD=P = JAQPN=H EK@EJA =PKI ?KJP=EJO �� LNKPKJO EJ EPO JQ?HAQO =J@

�� AHA?PNKJO KQPOE@A EPO JQ?HAQO� !A?=QOA PDA OQI KB PDA JQI>ANO KB LNKPKJO =J@ JAQPNKJO AMQ=HO PDA I=OO

JQI>AN� ���� PDA JQI>AN KB JAQPNKJO EO �� ���� ~ �� � ��	� 2EJ?A PDA EK@EJA EO =@@A@ =O = �~ =JEKJ� PDA

JQI>AN�KB�AHA?PNKJO�EO����:���u���u	�����;�

�<97?�1CIF�$95FB=B;

 J EKJ KB LH=PEJQI D=O = I=OO JQI>AN KB ��� =J@ ?KJP=EJO �� AHA?PNKJO� 'KS I=JU LNKPKJO =J@ JAQPNKJO

@KAO�EP�?KJP=EJ��=J@�SD=P�EO�EPO�?D=NCA�

�<AE3@� ���LNKPKJO������JAQPNKJO��?D=NCA�EO���

�<9A=75@�+MA6C@G

 163;71/: AG;0=: EO =J =>>NARE=PEKJ PD=P SA QOA PK EJ@E?=PA =J AHAIAJP KN =J =PKI KB =J AHAIAJP� %KN AT=ILHA� PDA

OUI>KH BKN IAN?QNU EO 'C ��=;IF9 �
�	� 6A QOA PDA O=IA OUI>KH PK EJ@E?=PA KJA =PKI KB IAN?QNU �IE?NKO?KLE?

@KI=EJ	�KN�PK�H=>AH�=�?KJP=EJAN�KB�I=JU�=PKIO�KB�PDA�AHAIAJP�IAN?QNU��I=?NKO?KLE?�@KI=EJ	�
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�=;IF9��
� 3C@�NTH=JG�'B�M@KM@N@ION�OC@�@G@H@IO�H@M>PMT�M@B<M?G@NN�JA�OC@�<HJPIO��DO�>JPG?�M@KM@N@IO�JI@�<OJH

JA�H@M>PMT�JM�<�G<MB@�<HJPIO�JA�H@M>PMT�

3DA OUI>KHO BKN OARAN=H ?KIIKJ AHAIAJPO =J@ PDAEN =PKIO =NA HEOPA@ EJ ,56@9 �
�� 2KIA OUI>KHO =NA @ANERA@ BNKI

PDA ?KIIKJ J=IA KB PDA AHAIAJP� KPDANO =NA =>>NARE=PEKJO KB PDA J=IA EJ =JKPDAN H=JCQ=CA� ,KOP OUI>KHO D=RA KJA

KN PSK HAPPANO� >QP PDNAAHAPPAN OUI>KHO D=RA >AAJ QOA@ PK @AO?NE>A OKIA AHAIAJPO PD=P D=RA =PKIE? JQI>ANO CNA=PAN

PD=J ���� 3K =RKE@ ?KJBQOEKJ SEPD KPDAN JKP=PEKJO� KJHU PDA BENOP HAPPAN KB = OUI>KH EO ?=LEP=HEVA@� %KN AT=ILHA� "K EO

PDA OUI>KH BKN PDA AHAIAJP ?K>=HP� >QP ". EO PDA JKP=PEKJ BKN PDA ?KILKQJ@ ?=N>KJ IKJKTE@A� SDE?D ?KJP=EJO =PKIO

KB PDA AHAIAJPO ?=N>KJ �"	 =J@ KTUCAJ �.	�  HH GJKSJ AHAIAJPO =J@ PDAEN OUI>KHO =NA EJ PDA LANEK@E? P=>HA EJ �=;IF9

�
�� �=HOK�BKQJ@�EJ �=;IF9��
	�

+CA9��CAACB��@9A9BHG�5B8�,<9=F�+MA6C@G

�@9A9BH +MA6C@ �@9A9BH +MA6C@

<GPHDIPH  G DMJI %@��AMJH #"..1)	

=MJHDI@ !M G@<? /=��AMJH ,(1)�1)	

><G>DPH "< H<BI@NDPH ,B

><M=JI " H@M>PMT 'B��AMJH %5!.�.$5.1)	

>CGJMDI@ "G IDOMJB@I -

>CMJHDPH "M JSTB@I .

>J=<GO "J KJO<NNDPH *��AMJH '�(&1)	

>JKK@M "P��AMJH  1,.1)	 NDGD>JI 2D

AGPJMDI@ % NDGQ@M  B��AMJH �.$"*01)	

BJG?  P��AMJH �1.1)	 NJ?DPH -<��AMJH *�0.&1)	

C@GDPH '@ NPGAPM 2

CT?MJB@I ' ODI 2I��AMJH /0�**1)	

DJ?DI@ ( UDI> 9I

,56@9��
�
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3N=@EPEKJ=HHU� PDA @EO?KRANAN �KN @EO?KRANANO	 KB = JAS AHAIAJP J=IAO PDA AHAIAJP� 'KSARAN� QJPEH PDA J=IA EO

NA?KCJEVA@ >U PDA (JPANJ=PEKJ=H 4JEKJ KB /QNA =J@  LLHEA@ "DAIEOPNU �(4/ "	� PDA NA?KIIAJ@A@ J=IA KB PDA JAS

AHAIAJP EO >=OA@ KJ PDA +=PEJ SKN@�O	 BKN EPO =PKIE? JQI>AN� %KN AT=ILHA� AHAIAJP ��� S=O ?=HHA@ QJJEHDATEQI

�4JD	� AHAIAJP ��� S=O ?=HHA@ QJJEHOALPEQI �4JO	� =J@ AHAIAJP ��� S=O ?=HHA@ QJJEHK?PEQI �4JK	 BKN OARAN=H UA=NO�

3DAOA AHAIAJPO =NA JKS J=IA@ =BPAN O?EAJPEOPO �KN K??=OEKJ=HHU HK?=PEKJO	� BKN AT=ILHA� AHAIAJP ��� EO JKS GJKSJ =O

@2./<?46B: �2C	 EJ DKJKN KB &HAJJ 2A=>KNC� = -K>AH /NEVA SEJJAN SDK S=O =?PERA EJ PDA @EO?KRANU KB OARAN=H DA=RU

AHAIAJPO�

5DNDO�OCDN G=H9��<HHD���CD9BGH5L
CF;�@��!-(��� OJ�G@<MI�HJM@�<=JPO�(4/ "��OC@�(IO@MI<ODJI<G�4IDJI�JA

/PM@�<I?� KKGD@?�"C@HDNOMT��<I?�@SKGJM@�DON�K@MDJ?D>�O<=G@�

!GCHCD9G

3DA OUI>KH BKN = OLA?EBE? EOKPKLA KB =JU AHAIAJP EO SNEPPAJ >U LH=?EJC PDA I=OO JQI>AN =O = OQLANO?NELP PK PDA

HABP KB PDA AHAIAJP OUI>KH ��=;IF9 �
�	� 3DA =PKIE? JQI>AN EO OKIAPEIAO SNEPPAJ =O = OQ>O?NELP LNA?A@EJC PDA

OUI>KH� >QP OEJ?A PDEO JQI>AN @ABEJAO PDA AHAIAJPwO E@AJPEPU� =O @KAO EPO OUI>KH� EP EO KBPAJ KIEPPA@� %KN AT=ILHA�

I=CJAOEQI ATEOPO =O = IETPQNA KB PDNAA EOKPKLAO� A=?D SEPD =J =PKIE? JQI>AN KB �� =J@ SEPD I=OO JQI>ANO KB

��� ��� =J@ ��� NAOLA?PERAHU� 3DAOA EOKPKLAO ?=J >A E@AJPEBEA@ =O ��,C� ��,C� =J@ ��,C� 3DAOA EOKPKLA OUI>KHO =NA

NA=@ =O xAHAIAJP� I=OO JQI>ANy =J@ ?=J >A OUI>KHEVA@ ?KJOEOPAJP SEPD PDEO NA=@EJC� %KN EJOP=J?A� ��,C EO NA=@ =O

xI=CJAOEQI ���y =J@ ?=J >A SNEPPAJ =O xI=CJAOEQI��y KN x,C���y ��,C EO NA=@ =O xI=CJAOEQI ���y =J@ ?=J >A

SNEPPAJ =O xI=CJAOEQI��y KN x,C���y  HH I=CJAOEQI =PKIO D=RA �� LNKPKJO EJ PDAEN JQ?HAQO� 3DAU @EBBAN KJHU

>A?=QOA�= ��,C�=PKI�D=O����JAQPNKJO�EJ�EPO�JQ?HAQO��= ��,C�=PKI�D=O����JAQPNKJO��=J@�= ��,C�D=O����JAQPNKJO�

�=;IF9��
� 3C@�NTH=JG�AJM�<I�<OJH�DI?D><O@N�OC@�@G@H@IO�QD<�DON�PNP<G�ORJG@OO@M�NTH=JG��OC@�H<NN�IPH=@M�<N�<�G@AO

NPK@MN>MDKO��OC@�<OJHD>�IPH=@M�<N�<�G@AO�NP=N>MDKO��NJH@ODH@N�JHDOO@?	��<I?�OC@�>C<MB@�<N�<�MDBCO�NPK@MN>MDKO�

(JBKNI=PEKJ =>KQP PDA J=PQN=HHU K??QNNEJC EOKPKLAO KB AHAIAJPO SEPD =PKIE? JQI>ANO � PDNKQCD �� EO CERAJ EJ ,56@9

�
�� -KPA PD=P EJ =@@EPEKJ PK OP=J@=N@ J=IAO =J@ OUI>KHO� PDA EOKPKLAO KB DU@NKCAJ =NA KBPAJ NABANNA@ PK QOEJC

?KIIKJ J=IAO =J@ =??KIL=JUEJC OUI>KHO� 'U@NKCAJ�� OUI>KHEVA@ �'� EO =HOK ?=HHA@ @AQPANEQI =J@ OKIAPEIAO

OUI>KHEVA@�#��'U@NKCAJ���OUI>KHEVA@ �'��EO�=HOK�?=HHA@�PNEPEQI�=J@�OKIAPEIAO�OUI>KHEVA@�3�

&I7@95F��CADCG=H=CBG�C:��HCAG�C:�H<9�.9FM�$=;<H��@9A9BHG

�@9A9BH +MA6C@ �HCA=7

&IA69F

&IA69F�C:

(FCHCBG

&IA69F�C:

&9IHFCBG

%5GG

�5AI�

��&5HIF5@

�6IB85B79

CT?MJB@I 1
1 H

�KMJODPH	
� � � ������ ������

,56@9��
�

$=B?�HC�$95FB=B;
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&I7@95F��CADCG=H=CBG�C:��HCAG�C:�H<9�.9FM�$=;<H��@9A9BHG

�@9A9BH +MA6C@ �HCA=7

&IA69F

&IA69F�C:

(FCHCBG

&IA69F�C:

&9IHFCBG

%5GG

�5AI�

��&5HIF5@

�6IB85B79

1
2 H

�?@PO@MDPH	
� � � ������ ������

1
3 H

�OMDODPH	
� � � ������� p��OM<>@	

2
3 He � � � ������� �������

C@GDPH

2
4 He � � � ������ ���

3
6 Li � � � ������ ����

GDOCDPH

3
7 Li � � � ������ �����

=@MTGGDPH 4
9 Be � � � ������ ���

5
10 B � � � ������� ����

=JMJI

5
11 B � � � ������� ����

6
12 C � � � ������� �����

6
13 C � � � ������� ����><M=JI

6
14 C � � � ������� p��OM<>@	

7
14 N � � � ������� �����

IDOMJB@I

7
15 N � � � ������� ����

8
16 O � � � ������� ������

8
17 O � � � ������� �����JSTB@I

8
18 O � � �� ������� �����

AGPJMDI@ 9
19 F � � �� ������� ���

10
20 Ne �� �� �� ������� �����

10
21 Ne �� �� �� ������� ����I@JI

10
22 Ne �� �� �� ������� ����

,56@9��
�
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4N@�OCDN �I=@8�5B��HCA�G=AI@5HCF��<HHD���CD9BGH5L
CF;�@��(<9H�HCA�@8� OJ�=PDG?�<OJHN�JA�OC@�ADMNO���

@G@H@ION��N@@�RCD>C�DNJOJK@N�@SDNO��>C@>F�IP>G@<M�NO<=DGDOT��<I?�B<DI�@SK@MD@I>@�RDOC�DNJOJK@�NTH=JGN�

�HCA=7�%5GG

!A?=QOA A=?D LNKPKJ =J@ A=?D JAQPNKJ ?KJPNE>QPA =LLNKTEI=PAHU KJA =IQ PK PDA I=OO KB =J =PKI� =J@ A=?D AHA?PNKJ

?KJPNE>QPAO B=N HAOO� PDA /B=;71 ;/AA KB = OEJCHA =PKI EO =LLNKTEI=PAHU AMQ=H PK EPO I=OO JQI>AN �= SDKHA JQI>AN	�

'KSARAN� PDA =RAN=CA I=OOAO KB =PKIO KB IKOP AHAIAJPO =NA JKP SDKHA JQI>ANO >A?=QOA IKOP AHAIAJPO ATEOP J=PQN=HHU

=O�IETPQNAO�KB�PSK�KN�IKNA�EOKPKLAO�

3DA I=OO KB =J AHAIAJP ODKSJ EJ = LANEK@E? P=>HA KN HEOPA@ EJ = P=>HA KB =PKIE? I=OOAO EO = SAECDPA@� =RAN=CA I=OO

KB =HH PDA EOKPKLAO LNAOAJP EJ = J=PQN=HHU K??QNNEJC O=ILHA KB PD=P AHAIAJP� 3DEO EO AMQ=H PK PDA OQI KB A=?D EJ@ERE@Q=H

EOKPKLAwO�I=OO�IQHPELHEA@�>U�EPO�BN=?PEKJ=H�=>QJ@=J?A�

average mass = ∑
i

(fractional abundance × isotopic mass)i

%KN AT=ILHA� PDA AHAIAJP >KNKJ EO ?KILKOA@ KB PSK EOKPKLAO�  >KQP ����� KB =HH >KNKJ =PKIO =NA ��! SEPD = I=OO KB

������� =IQ� =J@ PDA NAI=EJEJC ����� =NA ��! SEPD = I=OO KB ������� =IQ� 3DA =RAN=CA =PKIE? I=OO BKN >KNKJ EO

?=H?QH=PA@�PK�>A�

boron average mass = (0.199 × 10.0129 amu) + (0.801 × 11.0093 amu)

= 1.99 amu + 8.82 amu
= 10.81 amu

(P EO EILKNP=JP PK QJ@ANOP=J@ PD=P JK OEJCHA >KNKJ =PKI SAECDO AT=?PHU ���� =IQ� ���� =IQ EO PDA =RAN=CA I=OO KB =HH

>KNKJ�=PKIO��=J@�EJ@ERE@Q=H�>KNKJ�=PKIO�SAECD�AEPDAN�=LLNKTEI=PAHU����=IQ�KN����=IQ�

�L5AD@9��
�

�5@7I@5H=CB�C:��J9F5;9��HCA=7�%5GG

 IAPAKNEPA BKQJ@ EJ ?AJPN=H (J@E=J= ?KJP=EJO PN=?AO KB PDA JK>HA C=O JAKJ LE?GA@ QL BNKI PDA OKH=N SEJ@

@QNEJC PDA IAPAKNEPAwO PNEL PDNKQCD PDA OKH=N OUOPAI�  J=HUOEO KB = O=ILHA KB PDA C=O ODKSA@ PD=P EP ?KJOEOPA@

KB ������ ��-A �I=OO ������� =IQ	� ����� ��-A �I=OO ������� =IQ	� =J@ ����� ��-A �I=OO �������

=IQ	��6D=P�EO�PDA�=RAN=CA�I=OO�KB�PDA�JAKJ�EJ�PDA�OKH=N�SEJ@�

+C@IH=CB

average mass = (0.9184 × 19.9924 amu) + (0.0047 × 20.9940 amu) + (0.0769 × 21.9914 amu)

= (18.36 + 0.099 + 1.69) amu

= 20.15 amu

3DA =RAN=CA I=OO KB = JAKJ =PKI EJ PDA OKH=N SEJ@ EO ����� =IQ� �3DA =RAN=CA I=OO KB = PANNAOPNE=H JAKJ

=PKI EO ������� =IQ� 3DEO NAOQHP @AIKJOPN=PAO PD=P SA I=U BEJ@ OHECDP @EBBANAJ?AO EJ PDA J=PQN=H =>QJ@=J?A

KB�EOKPKLAO��@ALAJ@EJC�KJ�PDAEN�KNECEJ�	

�<97?�1CIF�$95FB=B;

 O=ILHA KB I=CJAOEQI EO BKQJ@ PK ?KJP=EJ ������ KB ��,C =PKIO �I=OO ����� =IQ	� ������ KB ��,C

=PKIO �I=OO ����� =IQ	� =J@ ������ KB ��,C =PKIO �I=OO ����� =IQ	� "=H?QH=PA PDA =RAN=CA I=OO KB = ,C

=PKI�

�<AE3@� ������=IQ

$=B?�HC�$95FB=B;
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6A�?=J�=HOK�@K�R=NE=PEKJO�KB�PDEO�PULA�KB�?=H?QH=PEKJ��=O�ODKSJ�EJ�PDA�JATP�AT=ILHA�

�L5AD@9��
�

�5@7I@5H=CB�C:�(9F79BH��6IB85B79

-=PQN=HHU K??QNNEJC ?DHKNEJA ?KJOEOPO KB ��"H �I=OO �������� =IQ	 =J@ ��"H �I=OO �������� =IQ	� SEPD =J

=RAN=CA�I=OO�KB��������=IQ��6D=P�EO�PDA�LAN?AJP�?KILKOEPEKJ�KB�"H�EJ�PANIO�KB�PDAOA�PSK�EOKPKLAO�

+C@IH=CB

3DA =RAN=CA I=OO KB ?DHKNEJA EO PDA BN=?PEKJ PD=P EO ��"H PEIAO PDA I=OO KB ��"H LHQO PDA BN=?PEKJ PD=P EO ��"H

PEIAO�PDA�I=OO�KB ��"H�

average mass = (fraction of 35 Cl × mass of 35 Cl) + (fraction of 37 Cl × mass of 37 Cl)

(B�SA�HAP E NALNAOAJP�PDA�BN=?PEKJ�PD=P�EO ��"H��PDAJ�PDA�BN=?PEKJ�PD=P�EO ��"H�EO�NALNAOAJPA@�>U������~ E�

�3DA BN=?PEKJ PD=P EO ��"H � PDA BN=?PEKJ PD=P EO ��"H IQOP =@@ QL PK �� OK PDA BN=?PEKJ KB ��"H IQOP AMQ=H ����

~�PDA�BN=?PEKJ�KB ��"H�	

2Q>OPEPQPEJC�PDEO�EJPK�PDA�=RAN=CA�I=OO�AMQ=PEKJ��SA�D=RA�

35.453 amu = (x × 34.96885 amu) + [(1.00 − x) × 36.96590 amu]

35.453 = 34.96885x + 36.96590 − 36.96590x

1.99705x = 1.513

x = 1.513
1.99705

= 0.7576

2K OKHREJC UEAH@O� E � ������� SDE?D IA=JO PD=P ���� ~ ������ � ������� 3DANABKNA� ?DHKNEJA ?KJOEOPO KB

������ ��"H�=J@������� ��"H�

�<97?�1CIF�$95FB=B;

-=PQN=HHU K??QNNEJC ?KLLAN ?KJOEOPO KB ��"Q �I=OO ������� =IQ	 =J@ ��"Q �I=OO ������� =IQ	� SEPD =J

=RAN=CA�I=OO�KB��������=IQ��6D=P�EO�PDA�LAN?AJP�?KILKOEPEKJ�KB�"Q�EJ�PANIO�KB�PDAOA�PSK�EOKPKLAO�

�<AE3@� �������"Q���=J@��������"Q��

5DNDO�OCDN G=H9��<HHD���CD9BGH5L
CF;�@��(<9H�HCA%5GG� OJ�H<F@�HDSOPM@N�JA�OC@�H<DI�DNJOJK@N�JA�OC@�ADMNO

���@G@H@ION��B<DI�@SK@MD@I>@�RDOC�<Q@M<B@�<OJHD>�H<NN��<I?�>C@>F�I<OPM<GGT�J>>PMMDIB�DNJOJK@�M<ODJN

PNDIB�OC@�(NJOJK@N�<I?� OJHD>�,<NN�NDHPG<ODJI�

3DA K??QNNAJ?A =J@ J=PQN=H =>QJ@=J?AO KB EOKPKLAO ?=J >A ATLANEIAJP=HHU @APANIEJA@ QOEJC =J EJOPNQIAJP ?=HHA@

= I=OO OLA?PNKIAPAN� ,=OO OLA?PNKIAPNU �,2	 EO SE@AHU QOA@ EJ ?DAIEOPNU� BKNAJOE?O� IA@E?EJA� AJRENKJIAJP=H

O?EAJ?A� =J@ I=JU KPDAN BEAH@O PK =J=HUVA =J@ DAHL E@AJPEBU PDA OQ>OP=J?AO EJ = O=ILHA KB I=PANE=H� (J = PULE?=H

I=OO OLA?PNKIAPAN ��=;IF9 �
�	� PDA O=ILHA EO R=LKNEVA@ =J@ ATLKOA@ PK = DECDAJANCU AHA?PNKJ >A=I PD=P ?=QOAO

PDA O=ILHAwO =PKIO �KN IKHA?QHAO	 PK >A?KIA AHA?PNE?=HHU ?D=NCA@� PULE?=HHU >U HKOEJC KJA KN IKNA AHA?PNKJO� 3DAOA

?=PEKJO PDAJ L=OO PDNKQCD = �R=NE=>HA	 AHA?PNE? KN I=CJAPE? BEAH@ PD=P @ABHA?PO A=?D ?=PEKJwO L=PD PK =J ATPAJP PD=P

@ALAJ@O KJ >KPD EPO I=OO =J@ ?D=NCA �OEIEH=N PK DKS PDA L=PD KB = H=NCA OPAAH >=HH >A=NEJC NKHHEJC L=OP = I=CJAP EO

@ABHA?PA@ PK = HAOOAN ATPAJP PD=P PD=P KB = OI=HH OPAAH !!	� 3DA EKJO =NA @APA?PA@� =J@ = LHKP KB PDA NAH=PERA JQI>AN KB

EKJO CAJAN=PA@ RANOQO PDAEN I=OOPK?D=NCA N=PEKO �= :.@@ @=20A?B:	 EO I=@A� 3DA DAECDP KB A=?D RANPE?=H BA=PQNA KN

LA=G EJ = I=OO OLA?PNQI EO LNKLKNPEKJ=H PK PDA BN=?PEKJ KB ?=PEKJO SEPD PDA OLA?EBEA@ I=OOPK?D=NCA N=PEK� 2EJ?A EPO

EJEPE=H QOA @QNEJC PDA @ARAHKLIAJP KB IK@ANJ =PKIE? PDAKNU� ,2 D=O ARKHRA@ PK >A?KIA = LKSANBQH PKKH BKN ?DAIE?=H

$=B?�HC�$95FB=B;
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=J=HUOEO�EJ�=�SE@A�N=JCA�KB�=LLHE?=PEKJO�

�=;IF9��
�  I<GTNDN�JA�UDM>JIDPH�DI�<�H<NN�NK@>OMJH@O@M�KMJ?P>@N�<�H<NN�NK@>OMPH�RDOC�K@<FN�NCJRDIB�OC@

?DAA@M@IO�DNJOJK@N�JA�9M�

2@@�<I 5B=A5H=CB��<HHD���CD9BGH5L
CF;�@��%5GG+D97� OC<O�@SKG<DIN�H<NN�NK@>OMJH@OMT��6<O>C�OCDN

J=89C��<HHD���CD9BGH5L
CF;�@��*+�<9A=GHFM� AMJH�OC@�1JT<G�2J>D@OT�AJM�"C@HDNOMT�AJM�<�=MD@A

?@N>MDKODJI�JA�OC@�MP?DH@ION�JA�H<NN�NK@>OMJH@OMT�

�
� �<9A=75@��CFAI@5G

!U�PDA�AJ@�KB�PDEO�OA?PEKJ��UKQ�SEHH�>A�=>HA�PK�

t 2UI>KHEVA�PDA�?KILKOEPEKJ�KB�IKHA?QHAO�QOEJC�IKHA?QH=N�BKNIQH=O�=J@�AILENE?=H�BKNIQH=O

t 1ALNAOAJP�PDA�>KJ@EJC�=NN=JCAIAJP�KB�=PKIO�SEPDEJ�IKHA?QHAO�QOEJC�OPNQ?PQN=H�BKNIQH=O

t #ABEJA�PDA�=IKQJP�QJEP�IKHA�=J@�PDA�NAH=PA@�MQ=JPEPU� RKC=@NK�O�JQI>AN

t $TLH=EJ�PDA�NAH=PEKJ�>APSAAJ�I=OO��IKHAO��=J@�JQI>ANO�KB�=PKIO�KN�IKHA?QHAO�=J@�LANBKNI�?=H?QH=PEKJO

@ANEREJC�PDAOA�MQ=JPEPEAO�BNKI�KJA�=JKPDAN

%C@97I@5F�5B8��AD=F=75@��CFAI@5G

 ;=:31C:/@ 4=@;C:/ EO = NALNAOAJP=PEKJ KB = IKHA?QHA PD=P QOAO ?DAIE?=H OUI>KHO PK EJ@E?=PA PDA PULAO KB =PKIO

BKHHKSA@ >U OQ>O?NELPO PK ODKS PDA JQI>AN KB =PKIO KB A=?D PULA EJ PDA IKHA?QHA� � OQ>O?NELP EO QOA@ KJHU SDAJ

IKNA PD=J KJA =PKI KB = CERAJ PULA EO LNAOAJP�	 ,KHA?QH=N BKNIQH=O =NA =HOK QOA@ =O =>>NARE=PEKJO BKN PDA J=IAO KB

?KILKQJ@O�

3DA AB@C1BC@/: 4=@;C:/ BKN = ?KILKQJ@ CERAO PDA O=IA EJBKNI=PEKJ =O EPO IKHA?QH=N BKNIQH= �PDA PULAO =J@ JQI>ANO

KB =PKIO EJ PDA IKHA?QHA	 >QP =HOK ODKSO DKS PDA =PKIO =NA ?KJJA?PA@ EJ PDA IKHA?QHA� 3DA OPNQ?PQN=H BKNIQH= BKN

$=B?�HC�$95FB=B;
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IAPD=JA ?KJP=EJO OUI>KHO BKN KJA " =PKI =J@ BKQN ' =PKIO� EJ@E?=PEJC PDA JQI>AN KB =PKIO EJ PDA IKHA?QHA ��=;IF9

�
�	� 3DA HEJAO NALNAOAJP >KJ@O PD=P DKH@ PDA =PKIO PKCAPDAN� � ?DAIE?=H >KJ@ EO =J =PPN=?PEKJ >APSAAJ =PKIO KN

EKJO PD=P DKH@O PDAI PKCAPDAN EJ = IKHA?QHA KN = ?NUOP=H�	 6A SEHH @EO?QOO ?DAIE?=H >KJ@O =J@ OAA DKS PK LNA@E?P PDA

=NN=JCAIAJP KB =PKIO EJ = IKHA?QHA H=PAN� %KN JKS� OEILHU GJKS PD=P PDA HEJAO =NA =J EJ@E?=PEKJ KB DKS PDA =PKIO =NA

?KJJA?PA@ EJ = IKHA?QHA�  >=HH=J@OPE?G IK@AH ODKSO PDA CAKIAPNE? =NN=JCAIAJP KB PDA =PKIO SEPD =PKIE? OEVAO JKP

PK�O?=HA��=J@�=�OL=?ABEHHEJC�IK@AH�ODKSO�PDA�NAH=PERA�OEVAO�KB�PDA�=PKIO�

�=;IF9��
�  �H@OC<I@�HJG@>PG@�><I�=@�M@KM@N@IO@?�<N��<	�<�HJG@>PG<M�AJMHPG<���=	�<�NOMP>OPM<G�AJMHPG<���>	�<�=<GG

<I?NOD>F�HJ?@G��<I?��?	�<�NK<>@ADGGDIB�HJ?@G��"<M=JI�<I?�CT?MJB@I�<OJHN�<M@�M@KM@N@IO@?�=T�=G<>F�<I?�RCDO@

NKC@M@N��M@NK@>ODQ@GT�

 HPDKQCD I=JU AHAIAJPO ?KJOEOP KB @EO?NAPA� EJ@ERE@Q=H =PKIO� OKIA ATEOP =O IKHA?QHAO I=@A QL KB PSK KN IKNA

=PKIO KB PDA AHAIAJP ?DAIE?=HHU >KJ@A@ PKCAPDAN� %KN AT=ILHA� IKOP O=ILHAO KB PDA AHAIAJPO DU@NKCAJ� KTUCAJ�

=J@ JEPNKCAJ =NA ?KILKOA@ KB IKHA?QHAO PD=P ?KJP=EJ PSK =PKIO A=?D �?=HHA@ @E=PKIE? IKHA?QHAO	 =J@ PDQO D=RA PDA

IKHA?QH=N BKNIQH=O '�� .�� =J@ -�� NAOLA?PERAHU� .PDAN AHAIAJPO ?KIIKJHU BKQJ@ =O @E=PKIE? IKHA?QHAO =NA BHQKNEJA

�%�	� ?DHKNEJA �"H�	� >NKIEJA �!N�	� =J@ EK@EJA �(�	� 3DA IKOP ?KIIKJ BKNI KB PDA AHAIAJP OQHBQN EO ?KILKOA@ KB

IKHA?QHAO�PD=P�?KJOEOP�KB�AECDP�=PKIO�KB�OQHBQN��EPO�IKHA?QH=N�BKNIQH=�EO�2� ��=;IF9��
�	�

�=;IF9��
�  �HJG@>PG@�JA�NPGAPM�DN�>JHKJN@?�JA�@DBCO�NPGAPM�<OJHN�<I?�DN�OC@M@AJM@�RMDOO@I�<N�2���(O�><I�=@

M@KM@N@IO@?�<N��<	�<�NOMP>OPM<G�AJMHPG<���=	�<�=<GG<I?NOD>F�HJ?@G��<I?��>	�<�NK<>@ADGGDIB�HJ?@G��2PGAPM�<OJHN�<M@

M@KM@N@IO@?�=T�T@GGJR�NKC@M@N�

(P EO EILKNP=JP PK JKPA PD=P = OQ>O?NELP BKHHKSEJC = OUI>KH =J@ = JQI>AN EJ BNKJP KB = OUI>KH @K JKP NALNAOAJP PDA

O=IA PDEJC� BKN AT=ILHA� '� =J@ �' NALNAOAJP @EOPEJ?PHU @EBBANAJP OLA?EAO� '� EO = IKHA?QH=N BKNIQH=� EP NALNAOAJPO

= @E=PKIE? IKHA?QHA KB DU@NKCAJ� ?KJOEOPEJC KB PSK =PKIO KB PDA AHAIAJP PD=P =NA ?DAIE?=HHU >KJ@A@ PKCAPDAN� 3DA
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 ?APE? =?E@ =J@ IAPDUH BKNI=PA =NA AT=ILHAO KB 7A=;3@Av?KILKQJ@O SEPD PDA O=IA ?DAIE?=H BKNIQH= >QP @EBBANAJP

IKHA?QH=N OPNQ?PQNAO ��=;IF9 �
��	� -KPA PD=P PDEO OI=HH @EBBANAJ?A EJ PDA =NN=JCAIAJP KB PDA =PKIO D=O = I=FKN

ABBA?P KJ PDAEN NAOLA?PERA ?DAIE?=H LNKLANPEAO� 8KQ SKQH@ ?ANP=EJHU JKP S=JP PK QOA = OKHQPEKJ KB IAPDUH BKNI=PA =O =

OQ>OPEPQPA�BKN�=�OKHQPEKJ�KB�=?APE?�=?E@��REJAC=N	�SDAJ�UKQ�I=GA�O=H=@�@NAOOEJC�

�� "C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN

3CDN�.K@I2O<S�=JJF�DN�<Q<DG<=G@�AJM�AM@@�<O�COOK���>IS�JMB�>JIO@IO�>JG���������



�=;IF9��
�� ,JG@>PG@N�JA��<	�<>@OD>�<>D?�<I?�H@OCTG�AJMH<O@��=	�<M@�NOMP>OPM<G�DNJH@MN��OC@T�C<Q@�OC@�N<H@�AJMHPG<

�"�'�.�	�=PO�?DAA@M@IO�NOMP>OPM@N��<I?�OC@M@AJM@�?DAA@M@IO�>C@HD><G�KMJK@MOD@N	�

,=JU PULAO KB EOKIANO ATEOP ��=;IF9 �
��	�  ?APE? =?E@ =J@ IAPDUH BKNI=PA =NA AB@C1BC@/: 7A=;3@A� ?KILKQJ@O EJ

SDE?D PDA IKHA?QHAO @EBBAN EJ DKS PDA =PKIO =NA ?KJJA?PA@ PK A=?D KPDAN� 3DANA =NA =HOK R=NEKQO PULAO KB A>/B7/:

7A=;3@A� EJ SDE?D PDA NAH=PERA KNEAJP=PEKJO KB PDA =PKIO EJ OL=?A ?=J >A @EBBANAJP� %KN AT=ILHA� PDA ?KILKQJ@ ?=NRKJA

�BKQJ@ EJ ?=N=S=U OAA@O� OLA=NIEJP� =J@ I=J@=NEJ KN=JCA LAAHO	 ?KJOEOPO KB PSK EOKIANO PD=P =NA IENNKN EI=CAO KB

A=?D�KPDAN� %��	?=NRKJA�OIAHHO�HEGA�?=N=S=U��=J@ $�~	?=NRKJA�OIAHHO�HEGA�OLA=NIEJP�

�=;IF9��
�� ,JG@>PG@N�JA�><MQJI@�<M@�NK<OD<G�DNJH@MN��OC@T�JIGT�?DAA@M�DI�OC@�M@G<ODQ@�JMD@IO<ODJIN�JA�OC@�<OJHN�DI

NK<>@���>M@?DO�=JOOJH�G@AO��HJ?DAD><ODJI�JA�RJMF�=T�r,D<IN<MD��s�6DFDH@?D<�"JHHJIN��>M@?DO�=JOOJH�MDBCO��HJ?DAD><ODJI

JA�RJMF�=T�%JM@NO���*DH�2O<MM	

"C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN ��



2@G@>O�OCDN @=B?��<HHD���CD9BGH5L
CF;�@��=GCA9FG� OJ�QD@R�<I�@SKG<I<ODJI�JA�DNJH@MN��NK<OD<G�DNJH@MN�

<I?�RCT�OC@T�C<Q@�?DAA@M@IO�NH@GGN��N@G@>O�OC@�QD?@J�ODOG@?�r,DMMJM�,JG@>PG@��"<MQJI@s	�

,<9�%C@9

3DA E@AJPEPU KB = OQ>OP=J?A EO @ABEJA@ JKP KJHU >U PDA PULAO KB =PKIO KN EKJO EP ?KJP=EJO� >QP >U PDA MQ=JPEPU
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UDI>�������B�><M=JI�������B�H<BI@NDPH��<I?������B�>JKK@M��%MJH�G@AO�OJ�MDBCO��=JOOJH�MJR	�������B�NPGAPM�������B

NDGD>JI������B�G@<?��<I?�������B�ODI���>M@?DO��HJ?DAD><ODJI�JA�RJMF�=T�,<MF�.OO	

!A?=QOA PDA @ABEJEPEKJO KB >KPD PDA IKHA =J@ PDA =PKIE? I=OO QJEP =NA >=OA@ KJ PDA O=IA NABANAJ?A OQ>OP=J?A� ��"� PDA

IKH=N I=OO KB =JU OQ>OP=J?A EO JQIANE?=HHU AMQER=HAJP PK EPO =PKIE? KN BKNIQH= SAECDP EJ =IQ� /AN PDA =IQ @ABEJEPEKJ�

= OEJCHA ��" =PKI SAECDO �� =IQ �EPO =PKIE? I=OO EO �� =IQ	�  ??KN@EJC PK PDA @ABEJEPEKJ KB PDA IKHA� �� C KB ��"

?KJP=EJO � IKHA KB ��" =PKIO �EPO IKH=N I=OO EO �� C�IKH	� 3DEO NAH=PEKJODEL DKH@O BKN =HH AHAIAJPO� OEJ?A PDAEN =PKIE?

I=OOAO =NA IA=OQNA@ NAH=PERA PK PD=P KB PDA =IQNABANAJ?A OQ>OP=J?A� ��"� $TPAJ@EJC PDEO LNEJ?ELHA� PDA IKH=N I=OO KB

=�?KILKQJ@�EJ�CN=IO�EO�HEGASEOA�JQIANE?=HHU�AMQER=HAJP�PK�EPO�BKNIQH=�I=OO�EJ�=IQ���=;IF9��
��	�

�=;IF9��
�� $<>C�N<HKG@�>JIO<DIN����� × ���� HJG@>PG@N�JM�AJMHPG<�PIDONp�����HJG�JA�OC@�>JHKJPI?�JM�@G@H@IO�

"GJ>FRDN@�AMJH�OC@�PKK@M�G@AO��������B�JA�"�'��.'���J>O<IJG��AJMHPG<�H<NN�������<HP	��������B�JA�'B(�
�H@M>PMT�((	�DJ?D?@��AJMHPG<�H<NN�������<HP	�������B�JA�"'�.'��H@OC<IJG��AJMHPG<�H<NN������<HP	�<I?�������B�JA

2� �NPGAPM��AJMHPG<�H<NN�������<HP	���>M@?DO��2<C<M� OR<	

"C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN ��



�@9A9BH �J9F5;9��HCA=7�%5GG��5AI� %C@5F�%5GG��;�AC@� �HCAG�%C@9

" ����� ����� ����� × ����

' ����� ����� ����� × ����

. ����� ����� ����� × ����

-< ����� ����� ����� × ����

"G ����� ����� ����� × ����

6DEHA =PKIE? I=OO =J@ IKH=N I=OO =NA JQIANE?=HHU AMQER=HAJP� GAAL EJ IEJ@ PD=P PDAU =NA R=OPHU @EBBANAJP EJ PANIO KB

O?=HA� =O NALNAOAJPA@ >U PDA R=OP @EBBANAJ?A EJ PDA I=CJEPQ@AO KB PDAEN NAOLA?PERA QJEPO �=IQ RANOQO C	� 3K =LLNA?E=PA

PDA AJKNIEPU KB PDA IKHA� ?KJOE@AN = OI=HH @NKL KB S=PAN SAECDEJC =>KQP ���� C �OAA �=;IF9 �
��	�  HPDKQCD PDEO

NALNAOAJPO FQOP = PEJU BN=?PEKJ KB � IKHA KB S=PAN �X�� C	� EP ?KJP=EJO IKNA S=PAN IKHA?QHAO PD=J ?=J >A ?HA=NHU

EI=CEJA@� (B PDA IKHA?QHAO SANA @EOPNE>QPA@ AMQ=HHU =IKJC PDA NKQCDHU OARAJ >EHHEKJ LAKLHA KJ A=NPD� A=?D LANOKJ

SKQH@�NA?AERA�IKNA�PD=J�����>EHHEKJ�IKHA?QHAO�

�=;IF9��
�� 3C@�IPH=@M�JA�HJG@>PG@N�DI�<�NDIBG@�?MJKG@O�JA�R<O@M�DN�MJPBCGT�����=DGGDJI�ODH@N�BM@<O@M�OC<I�OC@

IPH=@M�JA�K@JKG@�JI�@<MOC���>M@?DO��rO<I<F<RCJs�6DFDH@?D<�>JHHJIN	

3C@�HJG@�DN�PN@?�DI�>C@HDNOMT�OJ�M@KM@N@IO������ × ���� JA�NJH@OCDIB��=PO�DO�><I�=@�?DAAD>PGO�OJ

>JI>@KOP<GDU@�NP>C�<�G<MB@�IPH=@M��6<O>C�OCDN J=89C��<HHD���CD9BGH5L
CF;�@��AC@9J=89C� <I?�OC@I

>JHKG@O@�OC@�r3CDIFs�LP@NODJIN�OC<O�AJGGJR��$SKGJM@�HJM@�<=JPO�OC@�HJG@�=T�M@QD@RDIB�OC@�DIAJMH<ODJI

PI?@M�r#DB�#@@K@M�s

3DA NAH=PEKJODELO >APSAAJ BKNIQH= I=OO� PDA IKHA� =J@  RKC=@NKwO JQI>AN ?=J >A =LLHEA@ PK ?KILQPA R=NEKQO

$=B?�HC�$95FB=B;

�� "C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN

3CDN�.K@I2O<S�=JJF�DN�<Q<DG<=G@�AJM�AM@@�<O�COOK���>IS�JMB�>JIO@IO�>JG���������



MQ=JPEPEAO PD=P @AO?NE>A PDA ?KILKOEPEKJ KB OQ>OP=J?AO =J@ ?KILKQJ@O� %KN AT=ILHA� EB SA GJKS PDA I=OO =J@

?DAIE?=H ?KILKOEPEKJ KB = OQ>OP=J?A� SA ?=J @APANIEJA PDA JQI>AN KB IKHAO =J@ ?=H?QH=PA JQI>AN KB =PKIO KN

IKHA?QHAO EJ PDA O=ILHA� +EGASEOA� EB SA GJKS PDA JQI>AN KB IKHAO KB = OQ>OP=J?A� SA ?=J @ANERA PDA JQI>AN KB

=PKIO�KN�IKHA?QHAO�=J@�?=H?QH=PA�PDA�OQ>OP=J?AwO�I=OO�

�L5AD@9��
�

�9F=J=B;�%C@9G�:FCA��F5AG�:CF�5B��@9A9BH

 ??KN@EJC PK JQPNEPEKJ=H CQE@AHEJAO BNKI PDA 42 #AL=NPIAJP KB  CNE?QHPQNA� PDA AOPEI=PA@ =RAN=CA

NAMQENAIAJP BKN @EAP=NU LKP=OOEQI EO ��� C� 6D=P EO PDA AOPEI=PA@ =RAN=CA NAMQENAIAJP KB LKP=OOEQI EJ

IKHAO�

+C@IH=CB

3DA I=OO KB * EO LNKRE@A@� =J@ PDA ?KNNAOLKJ@EJC =IKQJP KB * EJ IKHAO EO NAMQAOPA@� 1ABANNEJC PK PDA

LANEK@E? P=>HA� PDA =PKIE? I=OO KB * EO ����� =IQ� =J@ OK EPO IKH=N I=OO EO ����� C�IKH� 3DA CERAJ I=OO KB

* ���� C	 EO = >EP IKNA PD=J KJAPAJPD PDA IKH=N I=OO ������ C	� OK = NA=OKJ=>HA x>=HHL=NGy AOPEI=PA KB PDA

JQI>AN�KB�IKHAO�SKQH@�>A�OHECDPHU�CNA=PAN�PD=J�����IKH�

3DA�IKH=N�=IKQJP�KB�=�OQ>OP=J?A�I=U�>A�?=H?QH=PA@�>U�@ERE@EJC�EPO�I=OO��C	�>U�EPO�IKH=N�I=OO��C�IKH	�

3DA B=?PKNH=>AH IAPDK@ OQLLKNPO PDEO I=PDAI=PE?=H =LLNK=?D OEJ?A PDA QJEP xCy ?=J?AHO =J@ PDA =JOSAN D=O

QJEPO�KB�xIKH�y

4.7 g K
⎛
⎝

mol K
39.10 g

⎞
⎠ = 0.12 mol K

3DA ?=H?QH=PA@ I=CJEPQ@A ����� IKH *	 EO ?KJOEOPAJP SEPD KQN >=HHL=NG ATLA?P=PEKJ� OEJ?A EP EO = >EP CNA=PAN

PD=J�����IKH�

�<97?�1CIF�$95FB=B;

!ANUHHEQI EO = HECDP IAP=H QOA@ PK B=>NE?=PA PN=JOL=NAJP 7N=U SEJ@KSO BKN IA@E?=H EI=CEJC EJOPNQIAJPO�

'KS�I=JU�IKHAO�KB�!A�=NA�EJ�=�PDEJBKEH�SEJ@KS�SAECDEJC������C�

�<AE3@� ������IKH

�L5AD@9��
�

�9F=J=B;��F5AG�:FCA�%C@9G�:CF�5B��@9A9BH

 �HEPAN�KB�=EN�?KJP=EJO���� × ��~� IKH�=NCKJ��6D=P�EO�PDA�I=OO�KB� N�EJ�=�HEPAN�KB�=EN�

+C@IH=CB

3DA IKH=N =IKQJP KB  N EO LNKRE@A@ =J@ IQOP >A QOA@ PK @ANERA PDA ?KNNAOLKJ@EJC I=OO EJ CN=IO� 2EJ?A

PDA =IKQJP KB  N EO HAOO PD=J � IKHA� PDA I=OO SEHH >A HAOO PD=J PDA I=OO KB � IKHA KB  N� =LLNKTEI=PAHU

�� C� 3DA IKH=N =IKQJP EJ MQAOPEKJ EO =LLNKTEI=PAHU KJAKJA PDKQO=J@PD �X��~�	 KB = IKHA� =J@ OK PDA

?KNNAOLKJ@EJC�I=OO�ODKQH@�>A�NKQCDHU�KJAKJA�PDKQO=J@PD�KB�PDA�IKH=N�I=OO��X�����C	�

"C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN ��



(J PDEO ?=OA� HKCE? @E?P=PAO �=J@ PDA B=?PKNH=>AH IAPDK@ OQLLKNPO	 IQHPELHUEJC PDA LNKRE@A@ =IKQJP �IKH	 >U

PDA�IKH=N�I=OO��C�IKH	�

9.2 × 10−4 mol Ar
⎛
⎝

39.95 g
mol Ar

⎞
⎠ = 0.037 g Ar

3DA�NAOQHP�EO�EJ�=CNAAIAJP�SEPD�KQN�ATLA?P=PEKJO��=NKQJ@������C� N�

�<97?�1CIF�$95FB=B;

6D=P�EO�PDA�I=OO�KB�������IKH�KB�CKH@�

�<AE3@� ������C

�L5AD@9��
�

�9F=J=B;�&IA69F�C:��HCAG�:FCA�%5GG�:CF�5B��@9A9BH

"KLLAN EO ?KIIKJHU QOA@ PK B=>NE?=PA AHA?PNE?=H SENA ��=;IF9 �
��	� 'KS I=JU ?KLLAN =PKIO =NA EJ ����

C�KB�?KLLAN�SENA�

�=;IF9��
�� "JKK@M�RDM@�DN�>JHKJN@?�JA�H<IT��H<IT�<OJHN�JA�"P���>M@?DO��$HDGD<I�1J=@MO�5D>JG	

+C@IH=CB

3DA JQI>AN KB "Q =PKIO EJ PDA SENA I=U >A ?KJRAJEAJPHU @ANERA@ BNKI EPO I=OO >U = PSKOPAL ?KILQP=PEKJ�

BENOP ?=H?QH=PEJC PDA IKH=N =IKQJP KB "Q� =J@ PDAJ QOEJC  RKC=@NKwO JQI>AN � �	 PK ?KJRANP PDEO IKH=N

=IKQJP�PK�JQI>AN�KB�"Q�=PKIO�

�� "C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN

3CDN�.K@I2O<S�=JJF�DN�<Q<DG<=G@�AJM�AM@@�<O�COOK���>IS�JMB�>JIO@IO�>JG���������



"KJOE@ANEJC PD=P PDA LNKRE@A@ O=ILHA I=OO ����� C	 EO = HEPPHA HAOO PD=J KJAPAJPD PDA I=OO KB � IKHA KB "Q

�X�� C	� = NA=OKJ=>HA AOPEI=PA BKN PDA JQI>AN KB =PKIO EJ PDA O=ILHA SKQH@ >A KJ PDA KN@AN KB KJAPAJPD  ��

KN�=LLNKTEI=PAHU����� "Q�=PKIO��"=NNUEJC�KQP�PDA�PSKOPAL�?KILQP=PEKJ�UEAH@O�

5.00 g Cu
⎛
⎝

mol Cu
63.55 g

⎞
⎠
⎛
⎝
6.022 × 1023 atoms

mol

⎞
⎠ = 4.74 × 1022 atoms of copper

3DA B=?PKNH=>AH IAPDK@ UEAH@O PDA @AOENA@ ?=J?AHH=PEKJ KB QJEPO� =J@ PDA ?KILQPA@ NAOQHP EO KJ PDA KN@AN KB

���� =O�ATLA?PA@�

�<97?�1CIF�$95FB=B;

 LNKOLA?PKN L=JJEJC BKN CKH@ EJ = NERAN ?KHHA?PO ����� C KB LQNA CKH@� 'KS I=JU  Q =PKIO =NA EJ PDEO

MQ=JPEPU�KB�CKH@�

�<AE3@� ����� × ����  Q�=PKIO

�L5AD@9��
�

�9F=J=B;�%C@9G�:FCA��F5AG�:CF�5��CADCIB8

.QN >K@EAO OUJPDAOEVA LNKPAEJ BNKI =IEJK =?E@O� .JA KB PDAOA =IEJK =?E@O EO CHU?EJA� SDE?D D=O PDA

IKHA?QH=N�BKNIQH=�"�'�.�-��'KS�I=JU�IKHAO�KB�CHU?EJA�IKHA?QHAO�=NA�?KJP=EJA@�EJ�������C�KB�CHU?EJA�

+C@IH=CB

6A ?=J @ANERA PDA JQI>AN KB IKHAO KB = ?KILKQJ@ BNKI EPO I=OO BKHHKSEJC PDA O=IA LNK?A@QNA SA QOA@ BKN

=J�AHAIAJP�EJ �L5AD@9��
��

3DA IKH=N I=OO KB CHU?EJA EO NAMQENA@ BKN PDEO ?=H?QH=PEKJ� =J@ EP EO ?KILQPA@ EJ PDA O=IA B=ODEKJ =O EPO

IKHA?QH=N I=OO� .JA IKHA KB CHU?EJA� "�'�.�-� ?KJP=EJO � IKHAO KB ?=N>KJ� � IKHAO KB DU@NKCAJ� � IKHAO

KB�KTUCAJ��=J@���IKHA�KB�JEPNKCAJ�

3DA LNKRE@A@ I=OO KB CHU?EJA �X�� C	 EO = >EP IKNA PD=J KJAPDEN@ PDA IKH=N I=OO �X�� C�IKH	� OK SA SKQH@

ATLA?P PDA ?KILQPA@ NAOQHP PK >A = >EP CNA=PAN PD=J KJAPDEN@ KB = IKHA �X���� IKH	� #ERE@EJC PDA ?KILKQJ@wO

I=OO�>U�EPO�IKH=N�I=OO�UEAH@O�

"C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN ��



28.35 g glycine
⎛
⎝

mol glycine
75.07 g

⎞
⎠ = 0.378 mol glycine

3DEO�NAOQHP�EO�?KJOEOPAJP�SEPD�KQN�NKQCD�AOPEI=PA�

�<97?�1CIF�$95FB=B;

'KS�I=JU�IKHAO�KB�OQ?NKOA��"��'��.����=NA�EJ�=���C�O=ILHA�KB�OQ?NKOA�

�<AE3@� ������IKH

�L5AD@9��


�9F=J=B;��F5AG�:FCA�%C@9G�:CF�5��CADCIB8

5EP=IEJ " EO = ?KR=HAJP ?KILKQJ@ SEPD PDA IKHA?QH=N BKNIQH= "�'�.�� 3DA NA?KIIAJ@A@ @=EHU @EAP=NU

=HHKS=J?A KB REP=IEJ " BKN ?DEH@NAJ =CA@ �u� UA=NO EO ���� × ��~� IKH� 6D=P EO PDA I=OO KB PDEO =HHKS=J?A

EJ�CN=IO�

+C@IH=CB

 O�BKN�AHAIAJPO��PDA�I=OO�KB�=�?KILKQJ@�?=J�>A�@ANERA@�BNKI�EPO�IKH=N�=IKQJP�=O�ODKSJ�

3DA IKH=N I=OO BKN PDEO ?KILKQJ@ EO ?KILQPA@ PK >A ������� C�IKH� 3DA CERAJ JQI>AN KB IKHAO EO = RANU

OI=HH BN=?PEKJ KB = IKHA �X��~� KN KJAPAJ PDKQO=J@PD	� PDANABKNA� SA SKQH@ ATLA?P PDA ?KNNAOLKJ@EJC I=OO

PK�>A�=>KQP�KJAPAJ�PDKQO=J@PD�KB�PDA�IKH=N�I=OO��X�����C	��/ANBKNIEJC�PDA�?=H?QH=PEKJ��SA�CAP�

1.42 × 10−4 mol vitamin C
⎛
⎝

176.124 g
mol vitamin C

⎞
⎠ = 0.0250 g vitamin C

3DEO�EO�?KJOEOPAJP�SEPD�PDA�=JPE?EL=PA@�NAOQHP�

�<97?�1CIF�$95FB=B;

6D=P�EO�PDA�I=OO�KB�������IKH�KB�DU@N=VEJA��-�'��

�<AE3@� �����C

�L5AD@9��
�

�9F=J=B;�H<9�&IA69F�C:��HCAG�5B8�%C@97I@9G�:FCA�H<9�%5GG�C:�5

�CADCIB8

 L=?GAP KB =J =NPEBE?E=H OSAAPAJAN ?KJP=EJO ���� IC KB O=??D=NEJ �"�'�-.�2	� SDE?D D=O PDA OPNQ?PQN=H

BKNIQH=�

��� "C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN

3CDN�.K@I2O<S�=JJF�DN�<Q<DG<=G@�AJM�AM@@�<O�COOK���>IS�JMB�>JIO@IO�>JG���������



&ERAJ PD=P O=??D=NEJ D=O = IKH=N I=OO KB ������ C�IKH� DKS I=JU O=??D=NEJ IKHA?QHAO =NA EJ = ����IC

�������C	�O=ILHA�KB�O=??D=NEJ��'KS�I=JU�?=N>KJ�=PKIO�=NA�EJ�PDA�O=IA�O=ILHA�

+C@IH=CB

3DA JQI>AN KB IKHA?QHAO EJ = CERAJ I=OO KB ?KILKQJ@ EO ?KILQPA@ >U BENOP @ANEREJC PDA JQI>AN KB IKHAO�

=O�@AIKJOPN=PA@�EJ �L5AD@9��
���=J@�PDAJ�IQHPELHUEJC�>U� RKC=@NKwO�JQI>AN�

4OEJC�PDA�LNKRE@A@�I=OO�=J@�IKH=N�I=OO�BKN�O=??D=NEJ�UEAH@O�

0.0400 g C7 H5 NO3 S
⎛
⎝

mol C7 H5 NO3 S
183.18 g C7 H5 NO3 S

⎞
⎠

⎛

⎝
⎜
6.022 × 1023 C7 H5 NO3 S molecules

1 mol C7 H5 NO3 S

⎞

⎠
⎟

= 1.31 × 1020 C7 H5 NO3 S molecules

3DA ?KILKQJ@wO BKNIQH= ODKSO PD=P A=?D IKHA?QHA ?KJP=EJO OARAJ ?=N>KJ =PKIO� =J@ OK PDA JQI>AN KB "

=PKIO�EJ�PDA�LNKRE@A@�O=ILHA�EO�

1.31 × 1020 C7 H5 NO3 S molecules
⎛
⎝

7 C atoms
1 C7 H5 NO3 S molecule

⎞
⎠ = 9.17 × 1020 C atoms

�<97?�1CIF�$95FB=B;

'KS�I=JU�"�'�� IKHA?QHAO�=NA�?KJP=EJA@�EJ�������C�KB�PDEO�?KILKQJ@��'KS�I=JU�DU@NKCAJ�=PKIO�

�<AE3@� ����� × ���� IKHA?QHAO�"� '��������� × ���� =PKIO�'

�CIBH=B;�&9IFCHF5BGA=HH9F�%C@97I@9G�=B�H<9��F5=B

3C@ =M<DI DN OC@ >JIOMJG >@IO@M JA OC@ >@IOM<G I@MQJPN NTNO@H ��=;IF9 �
��	� (O N@I?N <I? M@>@DQ@N NDBI<GN OJ

<I? AMJH HPN>G@N <I? JOC@M DIO@MI<G JMB<IN OJ HJIDOJM <I? >JIOMJG OC@DM API>ODJIN� DO KMJ>@NN@N NODHPGD ?@O@>O@?

=T N@INJMT JMB<IN OJ BPD?@ DIO@M<>ODJIN RDOC OC@ @SO@MI<G RJMG?� <I? DO CJPN@N OC@ >JHKG@S KCTNDJGJBD><G

KMJ>@NN@N OC<O BDQ@ MDN@ OJ JPM DIO@GG@>O <I? @HJODJIN� 3C@ =MJ<? AD@G? JA I@PMJN>D@I>@ NK<IN <GG <NK@>ON JA

OC@ NOMP>OPM@ <I? API>ODJI JA OC@ >@IOM<G I@MQJPN NTNO@H� DI>GP?DIB M@N@<M>C JI OC@ <I<OJHT <I? KCTNDJGJBT

JA OC@ =M<DI� &M@<O KMJBM@NN C<N =@@I H<?@ DI =M<DI M@N@<M>C JQ@M OC@ K<NO A@R ?@><?@N� <I? OC@ !1 (-

(IDOD<ODQ@� < A@?@M<G DIDOD<ODQ@ <IIJPI>@? DI ����� <DHN OJ <>>@G@M<O@ <I? ><KDO<GDU@ JI OC@N@ <?Q<I>@N OCMJPBC

OC@ >JI>@MO@? @AAJMON JA Q<MDJPN DI?PNOMD<G� <><?@HD>� <I? BJQ@MIH@IO <B@I>D@N �HJM@ ?@O<DGN <Q<DG<=G@ <O

RRR�RCDO@CJPN@�BJQ�NC<M@�=M<DIDIDOD<ODQ@	�

 CK�+7=9B79G�!BH9F7CBB97H

"C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN ���



�=;IF9��
�� �<	� �OTKD><G�CPH<I�=M<DI�R@DBCN�<=JPO�����FB�<I?�J>>PKD@N�<�QJGPH@�JA�MJPBCGT�����+���=	

(IAJMH<ODJI�DN�OM<INHDOO@?�DI�=M<DI�ODNNP@�<I?�OCMJPBCJPO�OC@�>@IOM<G�I@MQJPN�NTNO@H�=T�NK@>D<GDU@?�>@GGN

><GG@?�I@PMJIN��HD>MJBM<KC�NCJRN�>@GGN�<O�����]�H<BIDAD><ODJI	�

2K@>D<GDU@? >@GGN ><GG@? I@PMJIN OM<INHDO DIAJMH<ODJI =@OR@@I ?DAA@M@IO K<MON JA OC@ >@IOM<G I@MQJPN NTNO@H =T

R<T JA @G@>OMD><G <I? >C@HD><G NDBI<GN� "C@HD><G NDBI<GDIB J>>PMN <O OC@ DIO@MA<>@ =@OR@@I ?DAA@M@IO I@PMJIN

RC@I JI@ JA OC@ >@GGN M@G@<N@N HJG@>PG@N �><GG@? I@PMJOM<INHDOO@MN	 OC<O ?DAAPN@ <>MJNN OC@ NH<GG B<K =@OR@@I

OC@ >@GGN �><GG@? OC@ NTI<KN@	 <I? =DI? OJ OC@ NPMA<>@ JA OC@ JOC@M >@GG� 3C@N@ I@PMJOM<INHDOO@M HJG@>PG@N <M@

NOJM@? DI NH<GG DIOM<>@GGPG<M NOMP>OPM@N ><GG@? Q@ND>G@N OC<O APN@ OJ OC@ >@GG R<GG <I? OC@I =M@<F JK@I OJ M@G@<N@

OC@DM >JIO@ION RC@I OC@ I@PMJI DN <KKMJKMD<O@GT NODHPG<O@?� 3CDN KMJ>@NN DN ><GG@? @SJ>TOJNDN �N@@ �=;IF9 �
��	�

.I@ I@PMJOM<INHDOO@M OC<O C<N =@@I Q@MT @SO@INDQ@GT NOP?D@? DN ?JK<HDI@� "�'��-.�� #JK<HDI@ DN DIQJGQ@? DI

Q<MDJPN I@PMJGJBD><G KMJ>@NN@N OC<O DHK<>O < RD?@ Q<MD@OT JA CPH<I =@C<QDJMN� #TNAPI>ODJIN DI OC@ ?JK<HDI@

NTNO@HN�JA�OC@�=M<DI�PI?@MGD@�N@MDJPN�I@PMJGJBD><G�?DN@<N@N�NP>C�<N�/<MFDINJIqN�<I?�N>CDUJKCM@ID<�

��� "C<KO@M���V� OJHN��,JG@>PG@N��<I?�(JIN
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�=;IF9��
�� �<	�"C@HD><G�NDBI<GN�<M@�OM<INHDOO@?�AMJH�I@PMJIN�OJ�JOC@M�>@GGN�=T�OC@�M@G@<N@�JA

I@PMJOM<INHDOO@M�HJG@>PG@N�DIOJ�OC@�NH<GG�B<KN��NTI<KN@N	�=@OR@@I�OC@�>@GGN���=	�#JK<HDI@��"�'��-.���DN�<

I@PMJOM<INHDOO@M�DIQJGQ@?�DI�<�IPH=@M�JA�I@PMJGJBD><G�KMJ>@NN@N�

.I@ DHKJMO<IO <NK@>O JA OC@ >JHKG@S KMJ>@NN@N M@G<O@? OJ ?JK<HDI@ NDBI<GDIB DN OC@ IPH=@M JA

I@PMJOM<INHDOO@M HJG@>PG@N M@G@<N@? ?PMDIB @SJ>TOJNDN� 2DI>@ OCDN IPH=@M DN < >@IOM<G A<>OJM DI ?@O@MHDIDIB

I@PMJGJBD><G M@NKJIN@ �<I? NP=N@LP@IO CPH<I OCJPBCO <I? <>ODJI	� DO DN DHKJMO<IO OJ FIJR CJR OCDN IPH=@M

>C<IB@N RDOC >@MO<DI >JIOMJGG@? NODHPG<ODJIN� NP>C <N OC@ <?HDIDNOM<ODJI JA ?MPBN� (O DN <GNJ DHKJMO<IO OJ

PI?@MNO<I? OC@ H@>C<IDNH M@NKJIND=G@ AJM <IT >C<IB@N DI OC@ IPH=@M JA I@PMJOM<INHDOO@M HJG@>PG@N

M@G@<N@?pAJM @S<HKG@� NJH@ ?TNAPI>ODJI DI @SJ>TOJNDN� < >C<IB@ DI OC@ IPH=@M JA Q@ND>G@N DI OC@ I@PMJI� JM

<�>C<IB@�DI�OC@�IPH=@M�JA�I@PMJOM<INHDOO@M�HJG@>PG@N�DI�@<>C�Q@ND>G@�

2DBIDAD><IO KMJBM@NN C<N =@@I H<?@ M@>@IOGT DI ?DM@>OGT H@<NPMDIB OC@ IPH=@M JA ?JK<HDI@ HJG@>PG@N

NOJM@? DI DI?DQD?P<G Q@ND>G@N <I? OC@ <HJPIO <>OP<GGT M@G@<N@? RC@I OC@ Q@ND>G@ PI?@MBJ@N @SJ>TOJNDN� 4NDIB

HDID<OPMDU@? KMJ=@N OC<O ><I N@G@>ODQ@GT ?@O@>O ?JK<HDI@ HJG@>PG@N DI Q@MT NH<GG <HJPION� N>D@IODNON C<Q@

?@O@MHDI@? OC<O OC@ Q@ND>G@N JA < >@MO<DI OTK@ JA HJPN@ =M<DI I@PMJI >JIO<DI <I <Q@M<B@ JA ������ ?JK<HDI@

HJG@>PG@N K@M Q@ND>G@ �<=JPO 5 × 10−20 HJG JM �� UHJG	�  I<GTNDN JA OC@N@ I@PMJIN AMJH HD>@ NP=E@>O@? OJ

Q<MDJPN ?MPB OC@M<KD@N NCJRN NDBIDAD><IO >C<IB@N DI OC@ <Q@M<B@ IPH=@M JA ?JK<HDI@ HJG@>PG@N >JIO<DI@? DI

DI?DQD?P<G Q@ND>G@N� DI>M@<NDIB JM ?@>M@<NDIB =T PK OJ OCM@@AJG?� ?@K@I?DIB JI OC@ NK@>DAD> ?MPB PN@?� 3C@N@

NOP?D@N <GNJ DI?D><O@ OC<O IJO <GG JA OC@ ?JK<HDI@ DI < BDQ@I Q@ND>G@ DN M@G@<N@? ?PMDIB @SJ>TOJNDN� NPBB@NODIB

OC<O�DO�H<T�=@�KJNND=G@�OJ�M@BPG<O@�OC@�AM<>ODJI�M@G@<N@?�PNDIB�KC<MH<>@POD><G�OC@M<KD@N�:�;

�� .IE=PAG��#KJJ=�,��� I=J@=�)��!NAOOHAN�� JJ2KBEA�"=JO�� JJA�,�� J@NASO��,E?D=AH�+��'AEAJ��=J@� J@NAS�&��$SEJC��x3DA�1A=H

"=PA?DKH=IEJA�"KJPAJP�KB�2A?NAPKNU�5AOE?HAO�EJ�PDA�"-2�1ARA=HA@�>U�$HA?PNK?DAIE?=H�"UPKIAPNU�y %062;A6360�$2=<?A �������	�������

=??AOOA@�)=JQ=NU�����������@KE���������ONAL������
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:/E�=4�2347<7B3�>@=>=@B7=<A
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;/AA�<C;03@����
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<3CB@=<

<C1:3CA
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#9M�,9FAG

LKOEPERAHU�?D=NCA@�L=NPE?HA�?KJOEOPEJC�KB�PSK�LNKPKJO�=J@�PSK�JAQPNKJO

JAC=PERAHU�?D=NCA@�=PKI�KN�IKHA?QHA��?KJP=EJO�IKNA�AHA?PNKJO�PD=J�LNKPKJO	

=RAN=CA�I=OO�KB�=PKIO�KB�=J�AHAIAJP��ATLNAOOA@�EJ�=IQ

�=HOK��QJEBEA@�=PKIE?�I=OO�QJEP��Q��KN�#=HPKJ��#=	�QJEP�KB�I=OO�AMQ=H�PK 1
12

KB�PDA�I=OO�KB

= ��"�=PKI

JQI>AN�KB�LNKPKJO�EJ�PDA�JQ?HAQO�KB�=J�=PKI

LKOEPERAHU�?D=NCA@�=PKI�KN�IKHA?QHA��?KJP=EJO�BASAN�AHA?PNKJO�PD=J�LNKPKJO	

KJA��PSK��KN�PDNAAHAPPAN�=>>NARE=PEKJ�QOA@�PK�NALNAOAJP�=J�AHAIAJP�KN�EPO�=PKIO

=HPANJ=PERA�QJEP�AMQER=HAJP�PK�PDA�=PKIE?�I=OO�QJEP

OAP�KB�LKOPQH=PAO�PD=P�AOP=>HEODA@�PDA�BQJ@=IAJP=H�LNKLANPEAO�KB�=PKIO

JAC=PERAHU�?D=NCA@��OQ>=PKIE?�L=NPE?HA�KB�NAH=PERAHU�HKS�I=OO�HK?=PA@�KQPOE@A�PDA�JQ?HAQO

BKNIQH=�ODKSEJC�PDA�?KILKOEPEKJ�KB�=�?KILKQJ@�CERAJ�=O�PDA�OEILHAOP�SDKHAJQI>AN�N=PEK�KB

=PKIO

�=HOK�?=HHA@�PDA�AHAIAJP=NU�?D=NCA	�AMQ=HO�PDA�I=CJEPQ@A�KB�PDA�?D=NCA�KB�=J�AHA?PNKJ

�A	�SEPD�A�������� × ��~�� "

AHA?PNE?=HHU�?D=NCA@�=PKI�KN�IKHA?QHA��?KJP=EJO�QJAMQ=H�JQI>ANO�KB�LNKPKJO�=J@�AHA?PNKJO	

?KILKQJ@O�SEPD�PDA�O=IA�?DAIE?=H�BKNIQH=�>QP�@EBBANAJP�OPNQ?PQNAO

=PKIO�PD=P�?KJP=EJ�PDA�O=IA�JQI>AN�KB�LNKPKJO�>QP�@EBBANAJP�JQI>ANO�KB�JAQPNKJO

�=HOK��H=S�KB�@ABEJEPA�LNKLKNPEKJO	�=HH�O=ILHAO�KB�=�LQNA�?KILKQJ@�?KJP=EJ�PDA�O=IA

AHAIAJPO�EJ�PDA�O=IA�LNKLKNPEKJO�>U�I=OO

�=HOK��H=S�KB�?KJOP=JP�?KILKOEPEKJ	�=HH�O=ILHAO�KB�=�LQNA�?KILKQJ@�?KJP=EJ�PDA�O=IA

AHAIAJPO�EJ�PDA�O=IA�LNKLKNPEKJO�>U�I=OO

SDAJ�PSK�AHAIAJPO�NA=?P�PK�BKNI�IKNA�PD=J�KJA�?KILKQJ@��=�BETA@�I=OO�KB�KJA

AHAIAJP�SEHH�NA=?P�SEPD�I=OOAO�KB�PDA�KPDAN�AHAIAJP�EJ�=�N=PEK�KB�OI=HH�SDKHA�JQI>ANO

OQI�KB�PDA�JQI>ANO�KB�JAQPNKJO�=J@�LNKPKJO�EJ�PDA�JQ?HAQO�KB�=J�=PKI

BKNIQH=�EJ@E?=PEJC�PDA�?KILKOEPEKJ�KB�=�IKHA?QHA�KB�=�?KILKQJ@�=J@�CEREJC�PDA�=?PQ=H�JQI>AN

KB�=PKIO�KB�A=?D�AHAIAJP�EJ�=�IKHA?QHA�KB�PDA�?KILKQJ@�

QJ?D=NCA@��OQ>=PKIE?�L=NPE?HA�HK?=PA@�EJ�PDA�JQ?HAQO

I=OOERA��LKOEPERAHU�?D=NCA@�?AJPAN�KB�=J�=PKI�I=@A�QL�KB�LNKPKJO�=J@�JAQPNKJO

LKOEPERAHU�?D=NCA@��OQ>=PKIE?�L=NPE?HA�HK?=PA@�EJ�PDA�JQ?HAQO

?KILKQJ@O�EJ�SDE?D�PDA�NAH=PERA�KNEAJP=PEKJO�KB�PDA�=PKIO�EJ�OL=?A�@EBBAN

ODKSO�PDA�=PKIO�EJ�=�IKHA?QHA�=J@�DKS�PDAU�=NA�?KJJA?PA@
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AB@C1BC@/:�7A=;3@

C<74732�/B=;71�;/AA�C<7B��C�

KJA�KB�PSK�OQ>OP=J?AO�PD=P�D=RA�PDA�O=IA�IKHA?QH=N�BKNIQH=�>QP�@EBBANAJP�LDUOE?=H�=J@�?DAIE?=H

LNKLANPEAO�>A?=QOA�PDAEN�=PKIO�=NA�>KJ@A@�@EBBANAJPHU

=HPANJ=PERA�QJEP�AMQER=HAJP�PK�PDA�=PKIE?�I=OO�QJEP

#9M��EI5H=CBG

t average mass = ∑
i

(fractional abundance × isotopic mass)i

+IAA5FM

�
 �5F@M�!895G�=B��HCA=7�,<9CFM

3DA =J?EAJP &NAAGO LNKLKOA@ PD=P I=PPAN ?KJOEOPO KB ATPNAIAHU OI=HH L=NPE?HAO ?=HHA@ =PKIO� #=HPKJ LKOPQH=PA@ PD=P

A=?D AHAIAJP D=O = ?D=N=?PANEOPE? PULA KB =PKI PD=P @EBBANO EJ LNKLANPEAO BNKI =PKIO KB =HH KPDAN AHAIAJPO� =J@ PD=P

=PKIO KB @EBBANAJP AHAIAJPO ?=J ?KI>EJA EJ BETA@� OI=HH� SDKHAJQI>AN N=PEKO PK BKNI ?KILKQJ@O� 2=ILHAO KB =

L=NPE?QH=N ?KILKQJ@ =HH D=RA PDA O=IA AHAIAJP=H LNKLKNPEKJO >U I=OO� 6DAJ PSK AHAIAJPO BKNI @EBBANAJP ?KILKQJ@O�

= CERAJ I=OO KB KJA AHAIAJP SEHH ?KI>EJA SEPD I=OOAO KB PDA KPDAN AHAIAJP EJ = OI=HH� SDKHAJQI>AN N=PEK� #QNEJC

=JU�?DAIE?=H�?D=JCA��=PKIO�=NA�JAEPDAN�?NA=PA@�JKN�@AOPNKUA@�

�
� �JC@IH=CB�C:��HCA=7�,<9CFM

 HPDKQCD JK KJA D=O =?PQ=HHU OAAJ PDA EJOE@A KB =J =PKI� ATLANEIAJPO D=RA @AIKJOPN=PA@ IQ?D =>KQP =PKIE? OPNQ?PQNA�

3DKIOKJwO ?=PDK@A N=U PQ>A ODKSA@ PD=P =PKIO ?KJP=EJ OI=HH� JAC=PERAHU ?D=NCA@ L=NPE?HAO ?=HHA@ AHA?PNKJO� ,EHHEG=J

@EO?KRANA@ PD=P PDANA EO = BQJ@=IAJP=H AHA?PNE? ?D=NCAvPDA ?D=NCA KB =J AHA?PNKJ� 1QPDANBKN@wO CKH@ BKEH ATLANEIAJP

ODKSA@ PD=P =PKIO D=RA = OI=HH� @AJOA� LKOEPERAHU ?D=NCA@ JQ?HAQO� PDA LKOEPERAHU ?D=NCA@ L=NPE?HAO SEPDEJ PDA JQ?HAQO

=NA ?=HHA@ LNKPKJO� "D=@SE?G @EO?KRANA@ PD=P PDA JQ?HAQO =HOK ?KJP=EJO JAQPN=H L=NPE?HAO ?=HHA@ JAQPNKJO� 2K@@U

@AIKJOPN=PA@�PD=P�=PKIO�KB�PDA�O=IA�AHAIAJP�?=J�@EBBAN�EJ�I=OO��PDAOA�=NA�?=HHA@�EOKPKLAO�

�
� �HCA=7�+HFI7HIF9�5B8�+MA6C@=GA

 J =PKI ?KJOEOPO KB = OI=HH� LKOEPERAHU ?D=NCA@ JQ?HAQO OQNNKQJ@A@ >U AHA?PNKJO� 3DA JQ?HAQO ?KJP=EJO LNKPKJO =J@

JAQPNKJO� EPO @E=IAPAN EO =>KQP ������� PEIAO OI=HHAN PD=J PD=P KB PDA =PKI� 3DA I=OO KB KJA =PKI EO QOQ=HHU ATLNAOOA@

EJ =PKIE? I=OO QJEPO �=IQ	� SDE?D EO NABANNA@ PK =O PDA =PKIE? I=OO�  J =IQ EO @ABEJA@ =O AT=?PHU 1
12

KB PDA I=OO KB

=�?=N>KJ���=PKI�=J@�EO�AMQ=H�PK������� × ��~�� C�

/NKPKJO =NA NAH=PERAHU DA=RU L=NPE?HAO SEPD = ?D=NCA KB �� =J@ = I=OO KB ������ =IQ� -AQPNKJO =NA NAH=PERAHU DA=RU

L=NPE?HAO SEPD JK ?D=NCA =J@ = I=OO KB ������ =IQ� $HA?PNKJO =NA HECDP L=NPE?HAO SEPD = ?D=NCA KB �~ =J@ = I=OO KB

������� =IQ� 3DA JQI>AN KB LNKPKJO EJ PDA JQ?HAQO EO ?=HHA@ PDA =PKIE? JQI>AN �9	 =J@ EO PDA LNKLANPU PD=P @ABEJAO =J

=PKIwO AHAIAJP=H E@AJPEPU� 3DA OQI KB PDA JQI>ANO KB LNKPKJO =J@ JAQPNKJO EJ PDA JQ?HAQO EO ?=HHA@ PDA I=OO JQI>AN

=J@� ATLNAOOA@ EJ =IQ� EO =LLNKTEI=PAHU AMQ=H PK PDA I=OO KB PDA =PKI�  J =PKI EO JAQPN=H SDAJ EP ?KJP=EJO AMQ=H

JQI>ANO�KB�AHA?PNKJO�=J@�LNKPKJO�

(OKPKLAO KB =J AHAIAJP =NA =PKIO SEPD PDA O=IA =PKIE? JQI>AN >QP @EBBANAJP I=OO JQI>ANO� EOKPKLAO KB =J AHAIAJP�

PDANABKNA� @EBBAN BNKI A=?D KPDAN KJHU EJ PDA JQI>AN KB JAQPNKJO SEPDEJ PDA JQ?HAQO� 6DAJ = J=PQN=HHU K??QNNEJC

AHAIAJP EO ?KILKOA@ KB OARAN=H EOKPKLAO� PDA =PKIE? I=OO KB PDA AHAIAJP NALNAOAJPO PDA =RAN=CA KB PDA I=OOAO KB PDA

EOKPKLAO EJRKHRA@�  ?DAIE?=H OUI>KH E@AJPEBEAO PDA =PKIO EJ = OQ>OP=J?A QOEJC OUI>KHO� SDE?D =NA KJA� PSK� KN

PDNAAHAPPAN�=>>NARE=PEKJO�BKN�PDA�=PKIO�

�
� �<9A=75@��CFAI@5G

 IKHA?QH=N BKNIQH= QOAO ?DAIE?=H OUI>KHO =J@ OQ>O?NELPO PK EJ@E?=PA PDA AT=?P JQI>ANO KB @EBBANAJP =PKIO EJ =

IKHA?QHA KN ?KILKQJ@�  J AILENE?=H BKNIQH= CERAO PDA OEILHAOP� SDKHAJQI>AN N=PEK KB =PKIO EJ = ?KILKQJ@�  

OPNQ?PQN=H BKNIQH= EJ@E?=PAO PDA >KJ@EJC =NN=JCAIAJP KB PDA =PKIO EJ PDA IKHA?QHA� !=HH=J@OPE?G =J@ OL=?ABEHHEJC

IK@AHO ODKS PDA CAKIAPNE? =NN=JCAIAJP KB =PKIO EJ = IKHA?QHA� (OKIANO =NA ?KILKQJ@O SEPD PDA O=IA IKHA?QH=N

BKNIQH= >QP @EBBANAJP =NN=JCAIAJPO KB =PKIO�  ?KJRAJEAJP =IKQJP QJEP BKN ATLNAOOEJC RANU H=NCA JQI>ANO KB =PKIO
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KN IKHA?QHAO EO PDA IKHA� $TLANEIAJP=H IA=OQNAIAJPO D=RA @APANIEJA@ PDA JQI>AN KB AJPEPEAO ?KILKOEJC � IKHA KB

OQ>OP=J?A PK >A ����� × ����� = MQ=JPEPU ?=HHA@  RKC=@NKwO JQI>AN� 3DA I=OO EJ CN=IO KB � IKHA KB OQ>OP=J?A EO EPO

IKH=N�I=OO�

�L9F7=G9G

�
 �5F@M�!895G�=B��HCA=7�,<9CFM

�� (J�PDA�BKHHKSEJC�@N=SEJC��PDA�CNAAJ�OLDANAO�NALNAOAJP�=PKIO�KB�=�?ANP=EJ�AHAIAJP��3DA�LQNLHA�OLDANAO�NALNAOAJP

=PKIO�KB�=JKPDAN�AHAIAJP��(B�PDA�OLDANAO�KB�@EBBANAJP�AHAIAJPO�PKQ?D��PDAU�=NA�L=NP�KB�=�OEJCHA�QJEP�KB�=�?KILKQJ@�

3DA�BKHHKSEJC�?DAIE?=H�?D=JCA�NALNAOAJPA@�>U�PDAOA�OLDANAO�I=U�REKH=PA�KJA�KB�PDA�E@A=O�KB�#=HPKJwO�=PKIE?�PDAKNU�

6DE?D�KJA�

�� 6DE?D�LKOPQH=PA�KB�#=HPKJwO�PDAKNU�EO�?KJOEOPAJP�SEPD�PDA�BKHHKSEJC�K>OANR=PEKJ�?KJ?ANJEJC�PDA�SAECDPO�KB

NA=?P=JPO�=J@�LNK@Q?PO��6DAJ�����CN=IO�KB�OKHE@�?=H?EQI�?=N>KJ=PA�EO�DA=PA@�����CN=IO�KB�?=N>KJ�@EKTE@A�=J@���

CN=IO�KB�?=H?EQI�KTE@A�=NA�LNK@Q?A@�

� (@AJPEBU�PDA�LKOPQH=PA�KB�#=HPKJwO�PDAKNU�PD=P�EO�REKH=PA@�>U�PDA�BKHHKSEJC�K>OANR=PEKJO���������KB�KJA�O=ILHA�KB

PEP=JEQI�@EKTE@A�EO�PEP=JEQI���������KB�=�@EBBANAJP�O=ILHA�KB�PEP=JEQI�@EKTE@A�EO�PEP=JEQI�

�� 2=ILHAO�KB�?KILKQJ@�7��8��=J@�9�=NA�=J=HUVA@��SEPD�NAOQHPO�ODKSJ�DANA�

�CADCIB8 �9G7F=DH=CB %5GG�C:��5F6CB %5GG�C:� M8FC;9B

7 >G@<M��>JGJMG@NN��GDLPD?�RDOC�NOMJIB�J?JM ������B ������B

8 >G@<M��>JGJMG@NN��GDLPD?�RDOC�NOMJIB�J?JM ������B ������B
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