~iyy l

and spins may ve et
ative aspects of organic photochemist

Y Ih ..

b Ty,

ng the qualit
Qics of orbital configurations and associ: lectron:
he dis(ril‘m(inn of onc-clectron wave I'u:;‘.lc.:d States ha\,em vy
' ave function (x) has been visualize T‘.lﬂng, b, in g ,bccn Vi
| Jtional levels whose energies depend 01 © N terms of apgce(-‘_e“
Upon thcsc? quantized €nergy levels, we picture the form rf1 the quantyn, nuE Clry,
rcpreser'natz\'c poi‘m moves along the PE curve. Chapter 3(; ‘the wave f““Cti:\bcr' v,
tfee:iir;“: ; ho;; ‘vl,b S l. wave functions influence the rai€S this quantumy im?; e
e vibra ional levels of different electronic stat es of transitiop iop
visualize. namely, the electron spin wave fi G_:S' We have one wave fy %betwecn
will see that our quantum intuition fo he unction, S. In the fOHOwinonCm.n leftyg
r the energetic characteristics Ofct;ecnons. we
€ Spin wave

e.

dcrstundi
function and the cncl

sualized in terms of
MOs). The vibrational W
with quanlizcd vibr

- 222 Electron Spint
: n Spin: A . |
Spin Wave Functions Model for Visualizing

Electron sping pla

-
otochemical reacti
actions (e.g., Scheme

ly in additj
’ dition t 1
0 VIS 171
uallzlng the orbital nature Of electrons and



Section 2.22 Electron Spin: A Model for Visualizing Spin Wave Functio
ns

yibrating nuclel, we also need to visualize the nature of th
function, S. in order to determine the expectation values forim

as the energies of the spin quantum system and the rankin
of spin states in a magnetic field. In Ch

€ electron’s spin wave
portant quantities, such

g of the relative energies
apter 3, we use our model of
an understanding of the mechanisms of intersystem crossing (electron

transitions between singlet states (S,,) and triplet states (T,), and vice versa. Since
electron spin is generally covered only briefly, if at all, in elementary chemistry texts,
we develop a relatively detailed model of the electron spin wave function (S) that is
in the picmrial spirit of the electronic orbital model, Wy, and the harmonic oscillator
model for the vibrational wave function, x. Our model’ of electron spin is based on
the pmpenies of classical vectors and should provide a great deal of quantum intuition
about the properties of the spin wave function (S). The language of the vector model for
electron spin is readily transferable for the description of structures that are probably
more familiar, namely, nuclear spins, the key objects of interest for nuclear magnetic
resonance (NMR) spectroscopy.

" In quantum mechanricAs,Mspin is a manifes@ation (.)f‘ an unremovable property of
electrons that is at the same fundﬁﬁiental_}gv;;l_ as the electron’s mass and charge/
Spin corresponds to the inherent angular momentum of an electro_njAs we have
done previouslay@»r orbitriﬂng electrons and vibrating "atoms}\v&ie s:velop a quantum
mechanical picture of electron spin angular momentum by first appealing to a classical
model of angular momentum and then modifying this model with the appropriate
quantum mechanical and wave characteristics. An important connection between
an electron’s spin and its magnetic moment resulting from the electron’s angular
momentum provide a way to rank the relative energies of spin states and to thereby
produce a state energy diagram for electron spins.

The two most important classes of classical angular momentum involve (1) the
circular “spin” motion of a point on the surface of a rotating sphere (or a rotating
cylinder) about a defined axis (arbitrarily called the z-axis), and (2) the circular
“orbital” motion of a particle rotating at a fixed distance from the center of a circle
that contains an axis (arbitrarily called the z-axis) perpendicular to the plane of the
circle. We begin to describe the electron spin by considering the angular momentum
of arotating sphere (case 1), then discuss the angular momentum of a rotating particle
(case 2) in Section 2.31.

We can use the classical model of the angular momentum of a rotating sphere as

Sto develop
spin change)

a concrete physical model to describe the electron spin. Although electron spin, like-—

.d@f}ronpgchangc, is fundamentally a quantum mechanical phenomenon that has no

classical analogue, chemists nevertheless accept the convenient fiction that electron

Spin is ,[he angulé; momentum ﬁ'rﬁﬁg, from the electron !behaving like a negatively
charg?gjﬁ}_‘?@, that rotates without friction about an axis. Remarkably, this concrete

—

Physz'calkmodel allows chemists fo visualize most of the critical quantum mechanical
[Properties of electron spin. In particular, this model makes it possible to understand

Why'an’electron possesses not only a spin but also a magnetic moment, which is

———

&Pected of a charged particle that is spinning. The model of a magnetic moment,
1 . e e Koo R e e i = |
Llum, allows chemists to consider the energies of two interacting spins through their
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223 A Vector Model of Electron Spin

mm—

Physical quantities are classified as scalars if they can be completely described by a
magnitude (i.e., a single number and a unit). Examples of scalar quantities are energy.
mass, volume, time, wavelength, temperature, and length. Physical quantities tha;
require both a magnitude and a direction in order to be fully defined, on the other
hand, are called vectors. Examples of vector quantities are velocity, electric dipoles,

angular momentum, magnetic fields, and magnetic dipoles. If required by the context

we représent scalar quantities in ifalics and vector quantities in boldface.

Spin angular momentum’ is a vector quantity (as is any form of angular momen-
tum) and 18 represented by the boldface symbol S. The magnitude of the spin angular
momentum is a scalar quantity and is represented by the italicized symbol, S. The
scalar S is mathematically equal to the absolute value of the vector S; that is, S = |S|.
The spin quantum number is a pure number (no units) and is represented by the ro-
man symbol, S. The parameter S is the symbol for the fotal spin quantum number
of a collection of two or more coupled spins (the most common in organic photo-
chemistry being collections of two, three, or four spins), and the symbol s is to be
used for the quantum number of a single spin. For example, an electron possessing a
spin quantum number s = 1/2 (pure number) is described by a spin vector S, which is
the symbol for the mathematical representation of the spin angular momentum of the
electron, S = #/2 (vector). In experimental measurements, the angular momentum
along the z-axis, S,, is measured. The value (Iength) of the spin angular momentum
on the arbitrary z-axis is S, = |S,|. The uppercase letter “es” (S) is used for a num-
ber of representations in organic photochemistry, including S,, which symbolizes the
singlet states of molecules. The meaning, though, should be clear from the context of
the discussion for each case.

..

\/

'%'2.24 Important Properties of Vectors

In this section we review briefly some properties of vectors that are used repeatedly to
describe the properties of electron spin and the interactions of electron spins. Vectors
are conveniently represented by an arrow. The arrowhead (the “head‘“) of a vector
indicates its direction relative to a reference axis (conventionally desxgnated as the
Cartesian z-axis), and the length of the arrow represents the mugn.itude of .thc pl‘lyszic.al
duantity represented by that vector. The orientation of the v\ector in sgace is define 1\n
3. Interacting vectors must

terms of the ang] ; ith the z-axi
e (0) that the vector makes wit . =
y ! ﬂm-huemar&;e#wdl.hm'ﬁ.ﬂs

all relate ¢ . ) tors d
i ame z-axis syste the vectors do

\'—\\.“ﬂ‘l&dme crem T e intera ingle arbitrary z-axis must be

OWn arbitrary axis system.| when they do interact, @ Smgle d y 2 .
Tio descrbe all vec ‘g, ' .nins the vectors representing

4sed 19 describe all veciors, Thus, for two uncoupled spins the cpres

1 be orier 2-axis; whereas for two spins that are

magnetic moments), each

other and to the reference

€ach spin can be oriented to any arbitrary
Coupled by some interaction (e.g., electron exchange or

*PInmust possess a well-defined orientation relative to each
Z-axis,
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/v‘ In this section we consider some important properties of all vectors, with a vector
n this SCC

representation of the spin a!‘\gular r]]()m?nlUl? S_ a§navzg::;rtsle (}e])::[:]z]kd; z:]g:r: 612.8

summarizes the tnigonometnce relationships 0 a\.spl h it ) gle g
with the z-axis. The important vectonal pr'opcrues are (1)t ‘e‘ SF)II‘I vector posscssc.;s
a component §; on the z-axis: (2) the spin vector S possesses a com;.)or]ent S,'y in
the x-v plane; and (3) the magnitude of the componfmt S, f’" the. z-."xxxs 1's related to
Ihe maenitude of the total spin, S, by the trigonometric relationship given in Eq. 2.28,
where b is the magnitude (the absolute value) of the vector on the z-axis and |§] is
the absolute magnitude of the spin vector.

W (2.28)

According to the uncertainty principle, the precise value of the vector S cannot
be precisely measured in any experiment. There is a way, however, to circumvent the

uncertainty principld. The uncertainty principle allows one component (S, or S:.))
of '}u spin vector to be specified exactly (typically the z-component is the component
.sclcc{ed ) if the other components are completely unknown. In this way, if the position
of S in m_c*z—‘._:,plane (ie, S,,,, called the azimuth of the vector S) is completely
undetermined, then the magnitude of S, on the z-axis can be determi i

‘1Y spin vector, S, and its
-axis (left),
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given by applying the allm‘»vcd spin quantum numbers, $ (i.e., the eigenvalues from
the solution of the appropriate wave equation). The allowed values of S? are limited
(o those given by Eq. 2.29a. Thus, for a given value of S, there is an associated square
of the spin angular momentum (S?) that can be computed from Eq. 2.29a. The values

of S are given by Eq. 2.29b.
2
Pt (2.29a)/

S =[S(S + D2 (2.29b) /

As a concrete example, consider the spin quantum number of a single electron:

5= 1/2 (S s a pure number). According o Eq; 2.294, the value of the magnitude _
of S? (in units of #) is 1/2(1/2 + 1) = 3/4, and according to Eq. 2.29b, the value e

e

:)‘fsifp’rg single electron is given by [1/2(3/2)]" ZWEI&EQFS“_PQSSWS ithe
same value @g}pm‘aﬁ“gﬁf\arinomemum, exactly 172, as other spin 1/2 p;ﬁiciqg,

[ 13 o diillion 7% ;
such as a 'Hora °C nchor representation of the electron spin as an

exenlglwﬁlifd to discussions of nuclear spins. Although the magnitude
“of the spin is identical for electrons and all nuclei of spin 172, the magnitude of the_
magnetic moments associated with electron and nuclear sanAé.rﬁe\\_/‘ér“}'l/dﬁi?feEny(see
Section 2.33).

Figure 2.8 shows the vector model for the case of S = 1/2. Although the value of
the vector S = (3/4)1/2, the value of S, must equal 1/2 on the z-axis. As a result, from
Eq. 2.28, the value of 6 must be 55°.

Now, we consider the vector representation of quantized electron spin in some
detail for the two most important cases in photochemistry, namely, a single spin and
two interacting spins that are coupled and therefore must behave as parallel (11) or
antiparallel (4 |) spins. The latter description is essentially two-dimensional (2D), so
for the three-dimensional (3D) representation of interacting spins, these two cases
require a modification and reinterpretation of the terms “parallel” and “antiparallel.”

———— e e

2.26 _Spin Multiplicities: Allowed —
Orientations of Electron Spin

The allowed values of the electron spin (or coupled electron spins) are given by
Eq. 2.29, and the corresponding values of the electron spin on the z-axis are given
by Eq. 2.28; that is, S = [S(S + 1)]¥2 and |S|cos € = |S,|. The allowed values for
the quantum number for electron spin (S) are 0, 1/2, 1, 3/2, 2, and so on, so the
values of S, | are On, #1/2, h, 3h/2, 2h, and so on. A remarkable principle Of. quantum
fn“hmics 1s that angular momentum can take up a number of quantized orientations
10 space. It turns out that this spatial orientation of the angular momentum causes a
Veg Important spatial orientation of the magnetic moment associated with an electron
SPIn in a magnetic field.

Now, we need to expand our model of electron spin to take 1 .
Fha‘ quantum mechanics only allows certain orientations of the electron spm vector
In Space in a magnetic field. (The mulriplicity (M) of a given state of spin_ angular

Momentum is the number of quantum mechanically allowed orientations of a spin of

nto account the fact
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. M=2S+1= number of allowed spin orientations in Space
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oo allowed orientation is assigned a spin orientation quamurP nl'ln.lber. M,

Bach allowe ; is related to the quantum number for the orientation of the
where the subscnptcfd”?el;r:)‘je‘dion for the spin on the z-axis. The value of the Spin
;cpxl:;::ix:]ee\\a::l::r a given multiplicity, but the value of the spin projection can take
ooy 1 \:1];1]:\ :;:C?:z\ for a single electron and for two coupled electrons are of greateg
mre%;,li}, o;i:anic ;;hotochemistry. For a single electron, the spin quantum numpe;
is 1/2. so M =[2(1/2) + 11=2. Since M =2, therF are two and only _two allowed
orientations of the electron spin vector in a magnetic field, correspond'mg to Mg =
+1/2 and Mg = —1/2. These two allowed orientations of the electron spin are shown
in Fig. 2.9. One of the orientations has a value of S, = +1/2 (referred to as the
« orentation of a single electron spin), and the other orientation has the value of
S. = —1/2 (referred to as the 8 orientation of a single electron spin). Because there
are two and only two allowed orientations of a single electron in a magnetic field, the

i S=1/2 state is called a doublet state and is given thewsy_m_b_(_)lND/ The doublet state
\ corresponds to the spin state

tate of a radical that possesses a single uw
Once again we have redundancy in the use of symbol. The symbot isused for
a doublet spin state is also used to denote a reactive diradical intermediate I(D) (i.e.,

a radical pair, or a biradical) that possesses two half-filled orbitals, each orbital being
occupied by a single electron. [Multiple uses of the sam
are an unavoidable fact of the scientific
when a symbol that refers to different en
to indicate such contexts.]

Figure 2.9 shows the angular momentum vector pointing perpendicular to the plane
of rotation of 3 spinning spherical electron, a feature based on analogy to the classical
angular momentum of 3 spinning sphere. Although a specific arbitrary orientation

e symbol for different entities
literature. You must be sure of the context
tities is used. In this text we try to be careful

/ t z-ixls Z-axis

Of Iepresentation ¢
on, or a l3c nuc
wave functhn of i .
Spin wave funcno: Sopf'n wx.xh Ms = +1/2, and the symbol 8 refers to the
4 Spin with M
s==1/2,

f a spin —1/2 particle (e.g., an
leus). The symbol a refers to the spin
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Section 2.27 Vector Model of Two Coupled Electron Spins

of the spin 1/2 vector is shown in Fig. 2.9, the vector may lie anywhere in a cone
of possiblc orientations (see Section 2.28) that make an angle 6 of either 55 (a-
orientation) o 125  (B-orientation) with the z-axis.

027 Vector Model of Two Coupled Electron Spins:
singlet and Triplet States’

perhaps the most important coupled spin systems in organic photochemistry corre-
spond to those situations involving the coupling of two electron spins, each of which
occupies a separate orbital, The quantum mechanical rule for the possible couplings
of two 1/2 spins of the two orbitally uncoupled electrons is as follows: The final fo-
tal spin angular momentum (in units of %) of a two-spin system is either 0 or 1. For
total spin S = 0, the multiplicity of the state is M = (2S + 1) = 1, and for total spin
S=1, the mUllipliCily of the state is M = (2S + 1) = 3. We are now in a posi[ion to
understand the origin of the terms “singlet state” and “triplet state,” which refer to the
multiplicity of a state based on its spin and which has its origin in the study of the
number of spin states of molecules in a magnetic field. Recall from Scheme 1.3 that
both *R and I(D) can be either singlet or triplet states.

Now, we use the vector model of spin to visualize the singlet and triplet states
that result from the coupling of two electron spins occupying separate orbitals. The
singlet state results from the coupling of two electron spins in such a way that the spin
vectors are antiparallel (1) and collinear; the angle between the heads of the vectors
is 180° (Fig. 2.10a) for a singlet state. Such an orientation of vectors results in the
exact cancellation of the net spin angular momentum of each of the spin vectors, so
the net spin vector length |S] is 0. This means that the net spin of the singlet state, as
well as its projection on the z-axis, is exactly equal to 0 % (Fig. 2.10a). Although a
specific arbitrary orientation of the two spin 1 /2 vectors is shown in Fig. 2.10a, there
is no preferred orientation in the cone of possible orientations (see Section 2.28) at
all, since all orientations of the two spins that are 180° apart yield zero-spin angular
momentum.

We conclude, therefore, that the singlet state has no net spin because of vectonal
cancellation of the spin momentum of the two spins, and no preferred oriethation of the
component spin vectors in a magnetic field, even though the singlet sta.le is composed
of two electrons, each of which possesses a spin of 1/ 2 and each of which possesses 2
Magnetic moment. This situation is analogous to the cancellation of two bond dipole
moments in a linear molecule, such as O=C=0, which has two poiar 52
net dipole moment. All electrons that are paired in an orbital are required _b)' ”_w
Pauli exclusion principle to be in a singlet state, and (hefcf()rc‘ will have the"_s_pl,'?
vectors oriented as shown in Fig. 2.10a. Since nearly all organic “‘Ole_culcs pof'fe‘s.‘s
tWoelectrons in each orbital in their ground states, or ganic molecules typically possess

singlet ground states.

The triplet state (S = 1) also results from the cou
this time the coupling is such that the spin vectors make
the two spin 1/2 vectors (Fig. 2.10b). The angle of 70" 1

pling of two electron spins, but
ke an angle of ~ 70" between
s required by trigonometry
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Section 2.27 Vector Model of Two Coupled Electron Spins

We can now S¢€ how the vector model and tri gonometry provide a very convenient
and vivid means of visualizing singlet and triplet spin states based on the rules of
quantum mechanics. For § =0, two coupled spins are collinear and oriented at 180°
relative to one another and exactly cancel each other’s spin angular momentum. As
a result, there is no net spin anywhere in space; only one spin state, a singlet state
(quantum number Mg = 0) results, and this state remains a singlet state in a inagnetic
field because it lacks a magnetic moment. For § = 1, the coupled spins add to one
another in @ manner (with a relative angle in the cone of orientation of 70°) to form a
vector of length [S| = 2!/2, The coupled spins have a fixed value of (2"/2)#, but can
possess one of three allowed orientations in amagnetic field (Fig. 2.10), corresponding
to the quantum numbers Mg = +1, Mg =0, and Mg = —1.

Let the spin wave function a represent an “up” spin (Mg = +1/2), and the spin
wave function B that represents a “down’ spin (Mg = —1/2). Both the singlet state
(Fig. 2.10a) and the triplet component with Mg = 0 possess one o spin and one B
spin (Fig. 2.10c, middle). Thus, a simple 2D up—-down “arrow” notation (1) would
make the singlet state (Mg = 0) and the Mg = 0 level of the triplet state appear to be
identical in terms of spin characteristics, even though the singlet has no net spin and
the Mg = 0 level of the triplet possesses a net spin of 7. This distinction between the
M; = 0 for the singlet and triplet is made only in a vector representation relative to
the z-axis (Fig. 2.10) or, even better, in the 3D representation in Section 2.28.

In closing this section, we comment on an interesting mathematical modification
of our a and B label of spins that must be made to provide proper wave functions for
both the singlet state and the Mg = 0 level of the triplet state. This modification is
imposed by the Pauli exclusion principle and electron exchange (Section 2.9), which
states that all of the properties of exchanged electrons must be identical. Suppose,
for example, that we labeled the wave functions of the two states (i.e., the singlet
and triplet with Mg = 0) with one spin up and one spin down as either a8, or
Ba; (where the subscripts refer to electrons 1 and 2). However, such an assignment
would imply that we could distinguish electron 1 and electron 2 as being in a specific
- and differentiable spin state. This distinction violates the Pauli exclusion principle.
which states that two electrons must be indistinguishable upon exchange. Quantum
mechanics allows that an acceptable modification of the spin wave function for t_hc
singlet state 1s S = ELﬂl-_— ﬁﬁ)' where the minus sign §1gn‘me:* t‘hat the two :plll,"i
are exactly 180" out of phase [a mathematical wpormalization™ factor of (1/2)”
s of no interest for our qualitative discussion and is therefore ignored]. Thé %Pm
Wave function for the triplet state (Mg = 0) 1s S = (o, + Br2): WhCTC. thee _plu}:gf‘
$1gnifies that the two spins are in phase and couple to generate a net spinof 1. _ llb;
We will let the singlet state (S) be represented by the symbols af — pa. and(t)he ml:):e
State (T, where the subscript 0 refers to the spin quantutit number M§ e \:mum
fepresented by the symbols af + pa. Both of these states have the same qu
fumber (Mg = 0) but possess different wave functions' o i [
"_CClorial orientations of the o and B spins. We can think of the mmufa s D(wo it
singlet function aff — i as representing the “out-of-phase” harcter @ X
Vectors, causing the spin angular momentum of the indiVIflllﬂl spin -Vct“:z-.\cnting e
Cance] (Fig. 2.10a), and the plus sign in the triplet wave function as repres

and correspond to different
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i~ 2.28 The Uncertainty Principle and Cor.les
\" of Possible Orientations for Electron Spin

e

So far. we have discussed the spin vectors in terms of a 2D re.presentati-on relative to
a =-axis. Now, we proceed to a more realistic model of the Spin vector in 3D 'relative
10 a =-axis. In 3D, the directional angle of S in the x-y plane is called the azimuthal
angle According to the uncertainty principle of-quantum mic,_c‘:hanic‘s,"o if the value of
S, on rms/ii;zeasu\r_c& 13[}3%?@1 y, then the azimuthal angle’s posi @ﬁ@igaz'ﬁjll
~be (Y)?ﬁ}ﬂéfel_vj_l‘nde‘{?ﬁiii@@lg)’fhUS, only S, can be measured precisely if we accept
that there is no information at all that can be obtained experimentally concerning the
azimuthal angle of S. In terms of the vector model, this means that an a spin, which
makes a specific angle of 55° with the z-axis and a value of S, = 1/2, must project to
an unknown azimuthal angle in the x—y plane for any measurement of S, (Fig. 2.9).
Thus, there is an infinite set of positions that the spin vector can assume in space
mzking an angle of 55 with the z-axis, any one of which could correspond to the
actual position of the spin vector. This set of possible positions constitutes a cone
such that, whatever the specific position the spin vector takes on the cone, the angle
of the vector with the z-axis and the projection of the vector on the z-axis are always
the same, namely, 55" and +/2; however, the x and y components of the vector are
f:g::::g:'fdaem"ned_i” any experiment that measures S, precisely. Such a con¢
60 s ui:ncz :cf ﬁ;}.\;:)l::fb(]men‘tanor.ts of an a spin '(MS.—_: +1/2). F?g. 2.1 l'(left.
onientation being show:lx éx “:il‘;”c:[la"‘ms e B pOSSlblf?‘ arbl[mlry
somewhere in this cone, wf cann{;t Ih(?ugh VAN 08 .su.rc that an fx gpin i:
corresponding cone of possible orce r;r')e.cﬁy. at .all where it is l'oca(cd in the.confe- )
B spin (M = ~1), with one possibje ::i“_’"& (Fig. 2.1 L, left, middle) also exists or
‘ bitrary orientation being shown explicitly-
angular momentum js imagined as bcingnet-i ’ feld. the vcctof' representins lh? Sf;:
a»ng of possible orientations, |f a cou Ell Sl‘dtumary dnd “rcs‘tmg” s'omewhere l.n tic
apphed‘labommry field, an oscillutin pamk;_ magnetic field is applied (e.g., 3 blﬂm p
magnetic he i‘ Olt"P led labf)ratf)ry field, or fields due to N
couplfng twill Qause the spin vector o sw im? Of spins in the environment, .C[C')' :he
coupling hfld serving as the Z-axis, This s‘cv:p dr'o tnd the cone with the direction of 1
Rrecession, We discuss spinp » Weeping motion ahout the cone is called 27

. recession in t v X
when we consider transitio he cone of possible orientations in Chaptef 3
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,» electrons > system

Figure 2.11
~— ure Cones of possible orientation for a spin 1/2 (left) and a spin 1 (right) system

“—eTangutar momentum. An arbi o . )
possible cones. itrary position of the spin vectors 1S shown for each of the

2.29 :
125 ic°’.‘e§ of Possible Orientations for Two Coupled
pins: Singlet and Triplet Cones of Orientation

as a H . o
Basis for Visualizing the Interconversion of Spin States

xcited singlet or a triplet
d by two singly occupi
n 1/2 spins ¢an
¢ spin of 0, *R(S))-

i‘lc‘:cﬁz:?nsidcr "R, \.Nh.lCh may be an €
i l(f conﬁgl:mtnon that xs approximate
bCin’g Coul' a mr,* configuration. Eor *R, the two electro

pled to produce a net spif of 1, *R(T), orane

' Now, consider the possible orientations of the spin vect
triplet of S = 1 (Fig. 2.11, right). The situation with respect to a cone

state possessing an
ed orbitals. such as
be viewed as

or S in the case of the
of possible
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orientations of the spin = 1 case is analogous to Lha? for“the“ spin = 1/2 'ia\c i the
cases of Mg = +1 (aa) and Mg = —1(Bf). for which “up™ and “down Cor?es of

sible orientations exist (Fi g.2.11). However, the case O_f Mg=0 (Wavefunctjop, -
pos: Ba), the spin vector S does not define a cone but instead defines 3 circle of
;fs:i-hle o‘rien(ations for the vector in the x—y .plane (Fig. _2-1 I, right, n‘liqdle). An
interesting feature of this case is that the projecno.n of the spin on 'thc Z-axis 15 0, evey
though th; length of S is 2"/2 = 1.4h. The magnitudes of the spin vF:ctors for-S =1
are l;rger (1.47) than those for § = 1/2(0.87h), although by convention the units are
not usually explicitly shown in the figures. For the singlet state that also hf” Mg =
(wave function = a8 — Ba), the value of the spin vector is zero, so there is no Cone
of onientation for the singlet state.

Up to this point in the text, the term “parallel spins™ (11) is used to describe two
coupled 1/2 spins in a triplet state. To have the appropriate resultant of 1.4%, two
coupled spin 1/2 systems must make an angle of 70° with one another (Fig. 2.11).
Now, we see that the term parallel spin actually refers to the condition that the spins
make a relative angle of 70° with one another on a cone of possible orientation. The

spins for the aa, BB, and af + Ba states are all at an angle of 70°. Thus, only loosely
speaking are the two spins parallel for the triplet state.

2.30 Making a Connection between Spin Angular Momentum
and Magnetic Moments Due to Spin Angular Momentum

The vector model for spin allows a clear visualization of the coupling of spins to

ta. Howeve

o

/ 231 The Connection b
and Magnetic Moments:
with Angular Momentum

D
3

etween Angular Momentum
A Physical Model for an Electron

P sy

——

aphysical model for electron spin that concentrates on the magnetic

. , 8
_ _ d with the spin angylar momentum.
nuclei (e.g., 'H and Py, which possess both electrostatic
also POSsess magnetic moments y (i.e., magnetic

Now, we consider
Properties and the magnetic energjes associate
Electrons and cenain

‘ ract with each other and with applied laboratory
magneuc fields, Now, we cxamine 5
en Y |

the connection between spin angular momentum

;" — i
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Section 2.32  The Magnetic Moment of an Electron in a Bohr Orbit

) and {he magnetic moments (p) associated with §. First, we apply the vect del
. b n) & e Ly " e . o . (,rm()c
= S Tamiliar physical model of a magnetic moment resulting from the orbital n U

al motion

of an ¢lectron in a Bohr orbit\This concrete physical model allow

_ " X v . S uUs to compute
‘he magnetic moment of the orbiting electron in terms of its orbial angular n 4
‘ 10omen-

um AWith a connection between clectron orbital angular momentum and m A
‘ : -« shall s e - agnetic
moments 10 hand, we shall see how this result can be used to deduce a con;ut e

. onnection

petween Jlectron spin angular momentum and the magnetic moment due 1o Spi,/ ;
In Section 2.7, we descnbed how to qualitatively rank the relative énérgic'g of

electronic orbitals and electronic states based on the filling of a set of energy-ranked -
clectron orbitals following the autbau prineiple and the Pauli exclusion principte.

addition, in Section 2.19, we learned how o qualitatively rank the relative energies of
vibrational levels based on their quantum numbers and the number of nodes in their

wave functions. It is now our goal to develop a model that allows us to rank the relative

energies of electronic spins and spin states. The importance of magnetic moments
< that the energy of their interactions with a magnetic field can be estimated and

Gnked in terms of a magnetic energy diagram, analogous to the electronic state energy
diagram for orbitals (and the vibrational energy diagram for vibrations). herefore,

through an evaluation of the magnetic moments associated with electron spin in an
applied magnetic field, we can construct magnetic energy diagrams ranking the energy
of the various spin orientations corresponding to different states of angular momentum
and thus to different magnetic moments. An important property of such magnetic
energy diagrams is that, in contrast to the orbital and vibrational energy diagrams{the

separation between the energy levels depends on the strength of the coupled magnetic
fields that interact with the electron spin’s magnetic momeng },3
&

%//2.32 The Magnetic Moment of an Electron in a Bohr Orbit

The Bohr model of an electron orbiting about 2 nucleus provides a concrete physical
model (i.e., an electron as a negatively charged particle moving in a circular orbit) for
showing how a magnetic moment (&) is associated with the orbital angula‘r mom.en(um
(L).¥ Through the model of the Bohr atom, W€ can connect the electron's L w1.lh the
K. associated with orbital motion. After developing this model, we can Psc itas 2
basis for deducing the relationship between the quantum mccha‘mcal - g
momentum (S) and the magnetic moment (ps) associated with spin mou'o:;Jlar o
To compute the magnetic motion associatcd with an Slecrp lfn . f;rtivc charge
orbit of radius r, first we suppose that an electron 18 & po.mt (-). nQ; 12 prcscr;(s
orbiting at constant velocity, v, in the plane of the circular orblll. Fltf.:ll:; ~_‘-g :chcn‘lﬂlic
a vectorial description of the relationship between KL and L (1 \’C '1- aniéular scale).
to the extent that the sizes of the vectors arc unitless and not 10 any p whose
The circular motion of the electron generates mbi('ul‘a;\'guimmn and pass
axis of rotation is perpendicular to the plane 'ol the cm,‘tll dft rlon of charge —¢
the nucleus (Fig. 2.12, Jeft). The orbital mouox? of ;u}1 L.l“ encrates 3 magnetic field)-
a magnetic field (in fact, any charge moving 1n 4 cxrtnelug
The magnetic field generated by the orbiting electron

ar momentunt, L,
es through

gcncfalCS

y be represe

\

95
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Orbital angular

Orbital angular momentum vector
momentum vector L=mvr
L

A
[}

> v S

A
Magnetic
: momentum vector
& : ~
Figure2.12  The vector model for the orbital angular momentum and
~— . = e |
the magnetic momenj due to the circular motion of an electron in a
Bohr orbit. The direction of the magnetic moment vector is opposite
to that of the angular momentum vector for an electron. The units of
L are % and the units of p; are joule per gauss (JG™).

right) as a magnetic dipole p, (a vector quantity analogous to an electric dipole) with
a magnitude proportional to the angular momentum and a direction perpendicular to
the plane of the orbit. For a constant circular velocity v, and fixed orbital angular
momentum L, an orbiting Bohr electron generates a fixed magnetic moment, u, ,
that can be represented by a vector coinciding with the axis of rotation (Fig. 2.12).
The direction of the head of the arrow repre
follows the “right-hand-thumb rule” and
direction of motion in the orbit
the classical picture of an electri
a magnetic moment positioned a
plane of the wire.

From classical physics, the ma
Ky, 1s direcily proportional to th
This relationship is the important
general) to the magnetic moment

senting the angular momentum vector
points above the plane of rotation for the
shown. This behavior is completely analogous to
¢ current flowing in a circular wire and producing
t the center of the motion and perpendicular to the

gnetic moment due to orbital motion of the electron,
© magnitude of the orbital angular momentum, L.

link connecting the value of angular momentum (in
associated w

kL= —(e/2m)], (2.30a)
A/l =e/2m =y, (2.30b)




Section 253 : The Lohrection bstween Magnetic Moment and Electron Spin
I

The proportionality constant (—e/2m) reflects a fundamental relationshi bet
e magnetic moment g and angular momentum L of a Bohr orbit clccui-)o w:;n
i \ nand i
thercfor® @ fundamental quantity of quantum magnetism. This constant is called :
ic ratio of the electron and is given the symbol y, ! the
ey

magneto8Y"! S
i Thus. Eg. 2.3()b. may be rewritten in terms of y,, as shown i

\ Jefined as 2 positive quantity).

as shown in Eq. 2.30b.
n Eq. 2.31 (where Ve 18

1= —rlL (2.31)

If the electron possess.es a single unit of orbital angular momentum (L = # ), the
magnitude of its magnetic moment, u,; is defined as exactly equal to e/2m. :I’his
fundamental unit of quantum magnetism is called the Bohr magneton and is given the
symbol., He- Its numerical value is 9.3 x 1072 JG~!, The symbol pu. is the magnetic
moment gencrated by Tjkﬁ:tron possessing an angular momentum of exactly .

@foTTJW’mg"imponam concepts can be %er% and 2.31:)

po. Bva A

s ) s

PSSR —

i

1. The vectors representing the magnetic moment (g, ) and the orbital angular
momentum (L) ﬁfe collinear(i.e., parallel in orie(xﬁ:tiLo—r;)_.M e

| 2. The vector Ep_r_g_sgﬁm‘_is opposite (antiparallel) in direction to that of L
“Wigg in eqgzl\_?éﬁﬁh'gf?/éctdfs'}nééﬁs that the collinear vectors
possess orientations 180" apart). > o

3. The proportionality factor Ye Teveals that the magnitude of the magnetic
moment p; due to orbital ‘motion is directly proportional to the charge of the
electron (e) and i_tij'Ersely_Ergportional to its E?S_S‘(m)-g’ »o %

e m————— S A

Equations 2.30 and 2.31 are very important because they allow us to visualize
both the electron’s orbital angular momentum (L) and magnetic moment (pp). We
use these visualizations to understand the rankings of the energies of the magnetic
states of electrons.

Now, we need to deduce how a spin magnetic moment () is associated with the
¢lectron spin angular momentum (S). We begin with the quantum mechanic;{l results
deduced previously from the interactions of L and ;. Then, we can t.ranstcr thesef
ideas to electron spin, which can be modeled as resulting from a ‘mtatmg §;?her§ 0~
negative charge. Finally, we can determine what quantum me?‘ha.mcal n-‘?d,l?::t:o?;
of the model are necessary to apply our vector model to qualitatively visualiz sp

and its associated magnetic moment,

/233 The Connection between Magnetic Moment

many propcnies that are not

P a d
les. Nonclhclc». a clear an
- ders the electron

pos‘\-c_\scs uﬂl[

cle. SO it pOSSEsses
f classical partic 1
start with a model that const
nd of a spherical shape that

The electron is a quantum parti
understandable from observations O
appealing visualization is possible if W€
4 a classical particle of definite mass @
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negative electric charge distributed uniformly over its surface. The classica] Proper;
of mass and charge are articulated in this simple physical model. It is na[uralles
assume. therefore. that since the mass of the electron is fixed. and since its spin angu[to
momentum is quantized (and therefore also a fixed quantity equalto f1/2), the Sphgﬁc:r]
electron must spin about an axis with a fixed velocity, v (Fig. 2.13, left), in order ¢,
obey the fundamental law of the conservation of angular momentum. In other Words
because the electron’s mass and charge are fixed, and since the electron possesses‘
a fived quantum unit of angular momentum ( i.e., h/2), the spinning velocity of 1,
rotating electron must be constant for all electrons. 1t is quite straightforward now to
apply the results from the Bohr atom, discussed previously, to infer the relationshi
between the spin angular momentum (S) of an electron to the magnetic moment (1)
due to its spin motion.

Analogous to a charged particle executing orbital motion, an electron executing
spinning motion also generates a magnetic moment (also called a magnetic dipole) as
shown in Fig. 2.13 (left). Accordingly, due to its spinning motion, the charged electron
generates a magnetic moment () in analogy to the magnetic moment (4, ) generated
by an electron in a circular Bohr orbit. The issue to be addressed is the relationship
between g and S.

It is tempting to start with a direct analogy to Eq. 2.31, the relationship between
orbital angular momentum (L) and the associated magnetic moment (#1), which
would suggest that ug = —3,.S (Eq. 2.32a). In other words, if the analogy of the
magnetic moment due to orbital motion of a Bohr atom and the magnetic moment

due to electron spin motion is valid, the magnetic moment due to spin (ps) should be
directly proportional to the value of the spin (S) and the proportionality constant should
be y.. This simple analogy has the correct form qualitatively, but it has been shown
experimentally that the expression is not quite correct quantitatively. Although a direct
proportionality between s, and S exists, for a free electron a “correction factor” g.
must be applied to relate g, and S quantitatively. This quantitative relationship is thus

given by Eq. 2.32b.
yie .5.\ e ”~
po==nS T et T, @32
K= _gcycs o QQ )(‘) g . (_%;:Z/b)'
2
In Eq. 2.32b, g, is a dimensionless constant (a correction factor) called the g factor
. & o lon fa ;

(or g \'aluc)'of the free electron. The g Factor has an experimental value close t©

for a free electron in a vacuum, Thus, Hié”.iﬁhﬁ)léﬁﬁ&lﬁﬁﬁamm10 transfer If!e
properties of an orbiting electron to a spiﬁning electron is correct qualitatively but 15
] Corv close to 2.(This factor s fully jusiiﬁed

incorrect quantitatively by a factor very close to 2.(This factor of 2 i :
by a more rigorous theory of the electron, which considers relativistic effects, but this
rather subtle issue is of no concern for the qualitative features of spin that interest us
in this text. .
Fig. 2.13 uses the vector model to summarize the relationships between the spi"
angular momentum and the magnetic moment associated with electron spin. Fig. 2.13
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Z-axis

z—aXIS
A
Spin angular
momentum vector
along z-axis, S,

Angular
momentum vector
S

Magnetic Magnetic
momentum vector momentum vector
along z-axis, #, B

v

Figure 2.13 Vector representation of the spin angular momentum (S) and of the
magnetic moment associated with spin (gs). The two vectors (S and ) are collinear
put antiparallel. The lengths shown are only schematic.

should be compared to the analogous form of the orbital angular momentum and its
associated magnetic moment in Fig. 2.12.

Based on Eq. 2.32b and Fig. 2.13, the following important conclusions can be
made concerning the relationship between electron spin and the magnetic moment

due to spin:

1. Since electron spin is quantized and the spin vector and the magnetic moment

vectors are directly related, the magnetic moment associated with spin (jg), just

i as the angular momentum (S) from which it arises, is quantized in magnitude

i and orientation.

: 2. Since the energy of a magnetic
field, the energies of quantized spin states
vector in a magneltic field.

3. In analogy to the relationship be
the magnetic moment derived from orbital motion,
antiparallel (Fig. 2.13, left).

. The vectors pg and S are both posit

on the value of Mg [Fig. 2.13 (right) s

moment depends on its orientation ina magnetic
depend on the orientation of the spin

tween the orbital angular momentum and
the vectors pug and S are

ioned in a cone of orientation that depends
hows the case for S for Mg = +1/2].

&
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2.34 Magnetic Energy Levels in an Applied
mgnetic Field for a Classical Magnet

We have d i . Eq. 2.32, that allows the association of a
evel specified in Eq. 2.9< soch
ipes & model, spec \ific value of spin angular

Specific value of the magnetic moment (g) With a spec O esiievels
Momentum (S). Our next goal is to develop a model for .the m%l“?t;c C'“’mi)i'c T
associated with different values (Ms) of spin for electrons inan applie md:, i
First, let us consider what happens to the magnetic encry levels when amag
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is applied in the classical model. We examine the re;ults f;:r an CX::mplar Class?cal
lv these results to determine how the quantum mCChamcal
magnet, and .then "Pph the electron spin changes its energy when coupled o o
magnet assocu::(ii ;’;(‘i‘ The vector model not only provides an effective tool to dey
rovides us with an excellent tool for visualizing the qualitative an quantitatiye
Zspe(‘ts of transitions between magnetic energy levels (C}.lapterd3)_. Ny
According to classical physics, a laboratory magnetic fiel IS Characterized by
its maenetic moment, which is a vector quantity we re?resent W-l(h the syml?ol H,.
When&a bar magnet possessing a magnetic moment /4 1S placed in a magnetlF field
H._. a torque operates on the magnetic moment of the bar magngt anq twists it with
a %orce that tries to align the direction of the moment with the direction of the field
determined by H,. The precise equation describing the energy relationship of the bar
magnet at various orientations in H, is given by Eq. 2.33, where x and H, are the
magnitudes of the magnetic moments of the bar magnet and the applied field in the
z direction (defined as the direction from the south to north pole of the laboratory
magnetic field), respectively. According to classical mechanics, any orientation of the
bar magnet in the magnetic field is possible. However, the energy of a bar magnet
depends on its orientation relative to the z-axis. Three important limiting orientations
of the bar magnet relative to the magnetic field, namely, parallel (0°), perpendicular

(90°), and antiparallel (180°), are shown schematically in Fig. 2.14. The values for
these three orientations are —uH,, 0, and pH,, respectively.

E,(magnetic) = —uH,cos 6 (2.33)

In Eq. 2.33, the negative sign before the quantity on the right side of the equation
means that the system is more stable if the product uH, cos 6 is a positive quantity.

Most stable Unstable Least stable
J { g
‘ 8
Hz N S N S b D
| s —)
o o N
P4
o0t 6= 90° 6 =180°
E =-
S Zz “HI EZ = 0 Ez =”H




Section 2.35 Quantum Magnets in the Absence of Coupling Magnetic Field
ic Fields

cfinition. the magnitudes (lengths) of the vect "
in zero field) or ncgal.lvc (more stable than the situation in Iﬂ‘ro i Zn the situation
sign of cos g (which is positive for 8 between 0" and 90° and neg: _) epends on the
90" and 180°). gative for § between
Consider the situations when g and H, are two par: 5
perpcndicular vectors (8 = 90" or 7/2), or two anpli;:lrlaelll:\c/tczr:n(f(; (1 (1,r OZI)’ e
For these cases. cos & = 1, 0, and —1, respectively (Fig. 2.14) Tt o et
of the bar magnet with 8 between 0 and just < 90° is Slabili"Lin (th ny orientation
233 if negative) and any orientation of the bar magnet withge beet e"efggoffz N
up to 180_ 16 destabilizing (the energy E, is positive). At an oricntati(:rlcf)rf] 90’ o
magneljc interaction between the applied magnetic field and the bar magnet i [
(cos 90" =0inEq. 2.33), that is, the same as in the absence of a field wheﬁ H ,i (z)cro
more detailed discussion of the effect of the orientation of a bar mag;let ina nia;nc.tf;

field is given in Section 2.39 for the interactions of two magnetic dipoles

By d
positivc. $

235 Quantum Magnets in the Absence
of Coupling Magnetic Fields

In contrast to the classical magnet, which can assume any orientation in a magnetic
field, the quantum magnet can only assume a set of orientations that depend on the
value of the magnetic quantum number (Ms). We now review the notations and vector
representations that are convenient for describing the most important spin situations
that arise in organic photochemistry, namely, a single electron spin and two coupled
electron spins. Table 2.4 summarizes the notations and vector representations for a
single spin and two coupled spins; these conventions can be used to describe spin
systems at both zero and high applied magnetic fields. We use the symbol D (doublet)
to describe the state of a single spin, S =1/2. For the case of Mg = +1/2 (a. or up
spin pointing in the positive direction along the z-axis), we label the state D, for
the case of Mg = 1/2 (B, or down spin pointing in the negative direction along the z-
axis), we label the state D_. In the case of two coupled spins, we use the symbol S t0

denote the singlet state (one & Spin and one B spin; wave function S = af — pa). This
ate we use the symbols

spin state has the quantum number M, = 0. For the triplet st
T, (two a spins), T, (one o spin and one B spin; wave function S=apf + Ba). and
(um numbers Mg = +1, 0, and —1,

T. (two B spins) to label the states with quan
respectively.

In the absence of magnetic interactio
sociated with the electron spins. all six O
have exactly the same energy: that is, the mag
degenerate (of identical energy), since there are no magne
energy levels (H, = 0 in Eq. 2.33)- In the absence of any me inemeton
vector model of electron spin VieWs the spin vector representing th. ‘1'11‘._.u0riemalions
tum and magnetic moment as stationary and possessing random arbitrary

e magnetic moments as-
pD_.S. T. To and T,)
| these states are
tions to split the
actions, the

ns operating on th
f the states (D4,
netic energy Jevels of al
tic interac
magnetic inter

101




102

Chapter 2 Electronic, Vibrati

- i f Electronically Exciteqd Stat
in Configurations O e
onal, and Spn

] Representations of the Singlet, Doublet, and
na M

Table 2.4 Conventio oy Magneﬁc Field (H,)®

Triplet States in an APP

A,

Magnetic Spin Vector

. Suate 7 v Energy (E.) Function  Representation
M “
/)'/{ State S =

ymbol @
H, o

Doublet D, 4172 +(1/2)guH; o é

Doublet D —1/2 —(1/2)gH.H; B

ou -

af — Ba Z
Singlet S 0 0 9

Triplet T, +1 +(DgpH, ao
+ Ba Z

Triplet Ty 0 0 aff

- Trplet T -1 —(DguH, BB VAY

i i ction.
a. The mathematical normalizing factor is not shown for the spin fun

in space. There is no pertinent Mg quantum number in zero field, belcau.se ;]:]er:l:l ;j
no preferred axis of orientation. However, even at zero field the total spin dg -
momenta for the singlet, doublet, and triplet (S =0, 1/2, and 1) are wel.l deﬁ.ne .

Mg is not. When H, = 0, therefore, the quantum nurflber for total spin S is still a
valid quantum number, but the quantum number Mg is not. In other words, a D or

T state is magnetic and an S state is not, whether or not an applied magnetic field is
present.

2.36 Quantum Mecha
Constructing a Magne
for Spins in an Applie

nical Magnets in a Magnetic Field:
tic State Energy Diagram
d Magnetic Field

8. 2.14) is known as the Zeema
of the quantum meg
the z-axjy ( H,),

8-Value of the ¢

o) ates the
energy nenergy (E,). Eq. 2.34 relate

strength of the applied field along
quantum number for a given Spin orientation (M), the
nd the magnetjc moment of a free electron (ee)-

hanical magnet to the
the magnetjc

lectron ( ), a

E:=Mggp H, (2.34)
Thcranking of ma

g
and triplet saqe,

netic energieg - S
are listed ir:ETabl(;e;:VC tothose in zero field) of the singlet, doublet:




Section 2.37  Diagram for a Single Electron Spin and for Two Coupled Electron Spi
pins

2.37 Magnetic Energy Diagram for a Single Ele
spin and for Two Coupled Electron Spinsg ctron

mm——

Fig. 2.15 displays the magnetic (Zeeman) energy-level state diagram'? at 7

netic field (H; =0 G) and in the presence of a strong magnetic field H >>°(r)on:;g.
the tWO fundamental cases: (1) a single electron spin, a doublet (D) Statezand (2))t or
correlated electron spins, which may be either a triplet (T) or Sif;glet ,(S) State “I/o
zero field (for n(?w .we ignf)re the electron-exchange interaction (/) and or\lly c.onrf
sider the magnetic interactions in the energy diagram), all of the magnetic energy
levels are degenerate, because there is no preferred orientation of the angular mo-
mentum and therefore no preferred orientation of the magnetic moment due to spin
Although these states are all of the same energy, they are shown with levels slightl);
separated in Fig. 2.15 so that the number of degenerate states is clear. All of these
states have identical energies in the absence of magnetic (and electron exchange) in-
teractions. o
~ The relative ordering of the magnetic states is always the same in an applied j}
magnetic field (H,;) : D, > D_and T, > T, > T_ (Fig. 2.15). The energy separation |
between adjacent levels depends, moreover, on the magnitude of the applied field (H,) |
(Eq. 2.34). =

. The; zero-field situation is a benchmark for the calibration of the magnetic coupling
energy in devising a magnetic energy diagram. The concept is the same as using the
energy of a nonbonding p orbital as a benchmark of energy (set at E = 0) and then

to treat bonding orbitals as lower in energy than a p orbital (i.e., negative energy
relative to E = 0), and antibonding orbitals as higher in energy than a p-orbital (i.e.,
positive energy relative to E = 0). The magnitude of the exchange interaction, J
(Section 2.12 and 2.13), is typically much Targer (several totens of kcal'mol ™) than
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(much less than 1 kcal mol‘l). However, the exchange

ctween charged particles:
to consider the magnetic interactions
and to later “turp on” the electrostatic
Magnetic interactions (see Fig. 2.16).
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