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Reference: Fundamentals of molecular spectroscopy by
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41 ‘I'NTRODUCTION:
ubstance, a small amount of the

f light is passed through a transparent s
f all dust particles or other extra-

s scattered, the scattering persisting even 1
neous matter are rigorously excluded from the substance. If monochromatic radiation, or

radiation of a very narrow frequency band, is used, the scattered energy will consist almost
entirely of radiation of the incident frequency (the so-called Rayleigh scattering) but, 1In addition,
certain discrete frequencies above and below that of the incident beam will be scattered; it is this

which is referred to as Raman scattering.

(When a beam 0
radiation energy 1

WP, &

4.1.1 Quantum Theory of Raman Effect

Th ]

i ; ;ccol;r;:‘téci::ﬁc:)t;l R’?'I}]:'an[ scattering may be most easily understood in terms of the

£ i ol gnsenlzrats Zadlatlon of frequency v as consisting of a stream of particles

i i, mOIchl};le v w(lilefe h is Plgqck’s constant. Photons can be imagined t°

unchanged. A detector placed tos 2:11&:1{ tt:lrl:: COthlor.l is perfectly elastic, they will be deflected

receive photons of energy hv, i.e. radiation ofrtgr};cflie;lcg ot angles. to an incident beam will o
y v. Elastic scattering can be likened 102

ball bearing striki ioi
encrgy. Ing a rigid table—the ball bearing bounces off the tabl Joss of
e table without any 10sS ©

H ;
owever, it may happen that ener

collision: such collisi gy Is exch
' ollisions are called ‘in anged between photon and molecule during the

quantum

gy of t
he molecule. If the molecule gains eners)

d with ene
be - Conve - rgy hv — A :
U+ AE/h. The inelasti rsely, if the molecule 1 E and the equivalent radiation will have g

the surfa C proces . oses en
ce of the drum js stationasr;?hbe Pictured in temfsr go};‘ AE, the scattered frequency *
en the bal| bearing hits aitb al,l"bearing striking a drum If
. it will start oscillating at its O
g at its
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normal frequency and the ball bearing wil| be r I

ey equal to that taken up by the oscillatj

oscillating when the ball bearing stri : -
3lfeadym,s Sl on, the drum willrl'ng strikes, and if the ball bearing h; » If the drum s
el it wallibe: T | give energy to the ball bearing. ror - -\ 1€ right phase of
e pall beﬁu.mg will be flung off with ificteased Sifotss caring—rather like a catapult—and

Radiation scattered with a frequency lower than that

 radiation, while that at higher S of the incident beam is referred to as

Stoke ; ; i
g S omipanied by an increase o e led anti-Stokes’ radiation. Since the

: : - , rgy (which can : :
(o certain SCl‘CC.thllll rgles) Whl'le th§ latter involves a decreagmﬁé‘%ﬁh’XWt
—olecule is originally in an excited vibrational or rotational statei"-g_t“\k?aln r_ooouc if the
more mtense than anti-Stokes” radiation. Overall, howev ol esm

lens : er, the total radiati
put the incident frequency is extremely small, and sensitive apparatus is ne:(;lezc?lte_r: : at; e
R or its study.

4.1.2 Classical Theory of the Raman Effect: Molecular Polarizability

The c'laSSICal theory of the Rgman effect, while n.ot wholly adequate, is worth consideration
since it leads to an understanding of a concept basic to this form of spectroscopy—the polari
ability of a molecule.! When a molecule is put into a static electric field it suffers some diSIt)OﬁiOIzl_
the positively charged nuclei being attracted towards the negative pole of the field ' the electron;
to the positive pqle. This separation of charge centres causes an induced electric dip,ole moment to
be set up in the molecule and the molecule is said to be polarized. The size of the induced dipole
u, depends-both on the magnitude of the applied field, E, and on the ease with which the
molecule can be distorted. We may write

= ok (4.1)

where a is the polarizability of the molecule.)

Consider first the diatomic molecule Hs, which we show placed in an electric field in Fig.
4.1(a) and (b) in end-on and sideways orientation, respectively. The electrons forming the bond
are more easily displaced by the field along the bond axis (Fig. 4. 1(b)) than that across the bond
(Fig. 4.1(a)), and the polarizability is thus <aid to be anisotropic. This fact may be confirmed

r

(d) bond
izabili ipsoi en along and across the bon
e ST leculg in an electric field and its polarlzablhty ellipsoid, s€
rogen moleculg in a

axjg,
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102 FUNDAMENTALS OF MOL
e Raman spectrum of H,), when it i
lied along the axis is approximately

he intensity of lines in th
the axis; fields in other directiong

¢ for a given field app

lly (e.8- by a study of t
field applied across

dipole momen
y the same

experimenta
found that the induced

that induced b
jous directions is gonventionally represented by
hall define this formally 1n t.he next paragraph, but for
hed sphere, like a tanggrme,‘ and we havg drawn thjg
h totally imaginary tangerine segment
looking down on to the top of the
deways; these viewpoints correspond

var

, _bility ellipsoid.
drawing 2 polarzzabzhty e ): o of a squas

en its general shape 1 er wit

::, (:\rwoog orientations in Fig: 4.1(c) and ;d) (t‘f%?gl we are

lines to make the picture clegrer)_. In ;g.we.: bt
tangerine just off its axis and 10 Fig.'4.}:(i ) 471():a00 () respectively.

to those for the hy(lirqgegjﬁn:()‘:ﬁlilpzolﬁi is%:l.eﬁ.ned as a three-dimensional surfgce whose distance

In general a PO ariza % olecule (in Hz this is also the centre of gravity) is proportional

from the electrical centre oftaeh nt i on the ellipsoid with the

i izability al the line joining a poi - ellipsc
to 1/,/a;, where ai 15 the polarlzablllty along LD

izability 1 test. the axis O
i re. Thus where the polarlzablhty is greatest, ' ’
e prcsentation arose by analogy with the momentum of a body—

/T, where I; 15 the moment of inertia about

vice versa. (Historically this represent :
the momental ellipsoid is defined similarly using 1/
s ric field across the bond axis of Ha, as in Fig. 4.1(a), a certain

If we imagine applying an elect

of the molecule will occur. If we also imagine the molecule rotating

bvious that it will present exactly the same aspect to the electric field at
larizability will be exactly the same in any direction across the axis.
the polarizability ellipsoid will be circular, which is what we

amount of polarization
about its bond axis, it 1s O
all orientations—i.¢. its po
This means that a section through
have drawn in Fig. 4.1(¢).

If the field is applied along the bond axis, as in Fig. 4.1(b), the polarizability is greater, as we

mentioned earlier. Thus the cross-section of the ellipsoid is less, as shown in Fig. 4.1(d).
 The student must not make the mistake of confusing a polarizability ellipsoid with electron
orbitals or electron clouds. In a sense the polarizability ellipsoid is the inverse of an electron
cloud—vyhcrc the electron cloud is largest the electrons are further from the nucleus and so are
most easily polarized. This, as we have seen, is represented by a small axis for the polarizability
ellipsoid.
B
S PO _ , s CO,, HC= CH, etc. They differ only in the relative sizes of
their major and minor axes. y in the relative s1zeS O
When a sample of i acted.
o A expe;:”i A ;f;ef:;:e;u;fs lsl subjected to a beam of radiation of frequency the
ecule varies according to the equation (cf. Eq. (1.1)):

E = Eysin 2wt (4.2)
and th I 1 .‘
us the induced dipole also undergoes oscillations of frequency
v:
p=aFE = aE;sin2rvt (4.3)

Such an oscillati :
diately in E mits radiation of its own oscillati
q. (4.3) the classical explanation of Raylei(:gfnat:? n.frequency and we have imme-
scattering.

lf, in additi
1tion thc mol nd
€rgoes some internal motion, such as vibrati otatl
£ lon Or r 2

which chan
ges the polari
then the oscillating dipole will have superimposed

upon it the vibrational ozabi[,',}., periodically,
Yib. Which ch r rotational oscillati :
anges the polarizability: we cagn\;lrcitc;nmder, for example, a vibration of frequency

@ = g+ Asin 27wy,
il 4.4)
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Taps the equilibrium polarizability and 3 re
erthe vibration. Then we have:

rese > rate of
: presents the rate of change of polarizability
with

p=aE = (a9 + Bsin 27Vyin.t) Eg sin 2yt

cxpanding and using the trigonometric relation:
or, ’
: R 7
sin Asin B = 3{cos(4 — B) — cos(A4 + B)}

we have 3
p = aoEpsin2mvt + %ﬂEo{cos 21(v — Wi )t — €08 2m(v + Vyip, )t} 4'5)

and thus the oscillating dipole has frequency components v+ v, as well as the exciting
frequenCY V.

It should be carefully noted, however, that if the vibration does not alter the polarizabilit
of the molecule (and we shall later give examples of such vibrations) then 3 = 0 and the dipolz
sscillates only at the frequency of the incident radiation; the same is true of a rotation. Thus we
have the general rule:

ﬁ.‘“ order to be Raman active a molecular rotation or vibration must cause some change in a compo-
‘Bénfofthc @ngcular polanz'flblhty. A change in polarizability is, of course, reflected by a change in
cither the magnitude or the direction of the polarizability ellipsoid. )

(This rule should be contrasted with that for infra-red and microwave activity, which is that the
molecular motion must produce a change in the electric dipole of the molecule.)

Let us now consider briefly the shapes of the polarizability ellipsoids of more complicated
molecules, taking first the bent triatomic molecule H,O shown in Fig. 4.2(a). By analogy with
the discussion for H, given above, we might expect the polarizability surface to be composed of
mwo similar ellipsoids, one for each bond. While this may be correct in minute detail, we must
remember that the oscillating electric field which we wish to apply for Raman spectroscopy is
usually that of radiation in the visible or ultra-violet region, i.e. having a wavelength of some
| ym-10nm (cf. Fig. 1.4); molecular bonds, on the other hand, have dimensions of only some
0.1 am, so we cannot expect our radiation to probe the finer details of bond polarizability—even
the hardest of X-rays can scarcely do that. Instead the radiation can only sense the average
polarizability in various directions through the molecule, and the polarizability ellipsoid, it may
be shown, is always a true ellipsoid—i.e. a surface having all sections elliptical (or possibly
circular). In the particular case of HO the polarizability is found to be different along all three
of the major axes of the molecule (which lie along the line in the molecular plane bisecting the
HOH angle, at right angles to this in the plane, and perpendicularly to the_ plane?, anq SO gll
three of the ellipsoidal axes are also different; the ellipsoid 1s sketcheq in various orientations in
Fig. 42(b). Other such molecules, for example HS or SO, have similarly shaped ellipsoids but

With different dimensions.

Symmetri
e etric top molecules, because of t

heir axial symmetry, have polarizability ellipsoids

her similar to those of linear molecules, i.c. with a circular cross-section at right angles to
L flr axis of symmetry. It should be stressed, however, that sections in other pla_nes are truly
Hliptica, For a molecule such as chloroform, CHCl; (Fig. 4.3(a)), where the chlorine atoms are
Ml?f‘ the usual tendency is to draw the polarizability surface as egg-shaped, fatter at the

i nne-containing end. This is not correct; the polarizabilit){ elli‘p.soi(.i for chloroformt hls
syown at Fig. 4.3(h) where it will be seen that, since the POla_rlzab‘!'t)f is greater across ¢ <
ex?:ellry axis, the minor axis of the ellipsoid lies in this dirCCIIOIll. Shlmllar n?r(:i::lt:)l,ess :;Z} ic(a)lrl
. 'Ple, CH the latter fortuitously has a vi

ellipgo; &), 1Cl and NHs, etc. (although he
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i is the equilibrium polarizability and 3 represents
xith % e S oresents the rate of change of polarizability

M= aF = ((-V() + 3sin 27r\f”h I)E(, sin Vot

- expanding and using the trigonometric relation:
sin Asin B = %{COS(A ~ B) — cos(4 + B)}
we haveé -
p = oo sin 2mvt + 3 BEy{cos 27(v — vyip )1 — cos 27(v + vy )t} (4/5)
?;‘;u:l::sy tvl'le oscillating dipole has frequency components v+ v, as well as the exciting
it should be carefully noted, however, that if the vibration does not alter the polarizability

of the molecule (and we shall later give examples of such vibrations) then 3 = 0 and the dipole

oscillates only at the frequency of the incident radiation; the same is true of a rotation. Thus we
have the general rule: .

nn (?_rdgr to be Raman activg: a I.n‘olecular rotation or vibration must cause some change in a compo-
Yent of the mol?c“lar polarizability. A change in polarizability is, of course, reflected by a change in
either the magnitude or the direction of the polarizability ellipsoid.

(This rule should be contrasted with that for infra-red and microwave activity, which is that the
molecular motion must produce a change in the electric dipole of the molecule.)

Let us now consider briefly the shapes of the polarizability ellipsoids of more complicated
molecules, taking first the bent triatomic molecule H,O shown in Fig. 4.2(a). By analogy with
the discussion for H, given above, we might expect the polarizability surface to be composed of
two similar ellipsoids, one for each bond. While this may be correct in minute detail, we must
remember that the oscillating electric field which we wish to apply for Raman spectroscopy is
usually that of radiation in the visible or ultra-violet region, i.e. having a wavelength of some
I ym-10nm (cf. Fig. 1.4); molecular bonds, on the other hand, have dimensions of only some
0.1 nm, so we cannot expect our radiation to probe the finer details of bond polarizability—even
the hardest of X-rays can scarcely do that. Instead the radiation can only sense the average
polarizability in various directions through the molecule, and the polarizabil?ty‘elhpsmd, it may
be shown, is always a true ellipsoid—i.e. a surface having all sections .elllpncal (or possibly
circular). In the particular case of H,O0 the polarizability is found to be different along a!l three
of the major axes of the molecule (which lie along the line in t.he molecular plane bisecting the
HOH angle, at right angles to this in the plane, and perpendicularly to the plane), and so all
three of the ellipsoidal axes are also different; the ellipsoid i sketcl'lec_l in various orle:_rlta'(.l(ci)n?D 12
3%1.14(3([)). Other such molecules, for example HS or SO,, have similarly shaped ellipso1ds u

Ith different dimensions. - : izability ellipsoids
St s e of il S L g
t cirer B e of near O e Clthat sections in other planes are truly
ell axis of symmetry. It should be stressed, however, 4 3(a)), where the chlorine atoms are

ptical. For a3 molecule such as chloroform, CHCly (Elg- 3(a)), w haped, fatter at the

Uky, the ysual tendency is to draw the polarizabihty surface as eS8 it form is

Ot = 1510 . the polarizability ellipsoid for chlorofo
containing end. This is not correct; the P

ability 1 oss the
: SR AUy 4.3(h) where it will be seen that, since tlhe 'pola.nzabsll'nt){ll;sr i:zzll;zz l::rare, =
eig::l eltry axis, the minor axis of the ellipsoid lies in thn; :ltllt,:tcct)luc;?y li:; i S
i, CH though the latter 10

elhpsoid’) :Cl and NH;, etc. (al g
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pURE ROTATIONAL RAMAN SPECTRA
4.2

2,1 Linear Molecules
4.2

ational energy levels of linear molecules have already been stated (cf. Eq. (2.24)):
¢ 10

Th

e;=BIJ+1)-DFUJ+1)? ecm (J=0,1,2,...)
Raman spectroscopy, the precision of the measurements does not normally warrant the

put, i 1 of the term involving D, the centrifugal distortion constant. Thus we take the simpler

reteﬂfiq

ej=BJJ+1) em™' (J=0,1,2,...) (4.6)

(o represent the energy levels.
Transitions between these levels follow the formal selection rule:

AJ =0, or +2 only 4.7)

which is to be contrasted with the corresponding selection rule for microwave spectroscopy,
AJ =1, given in Eq. (2.17).(The fac} that in Raman work the rotational quantum number
changes by two units rather than one is connected with the symmetry of the polarizability
ellipsoid. For a linear molecule, such as is depicted in Fig- 4.1, it is evident that during end-
o'v?r-‘q_nﬁ_fgtf_ti_‘!!‘__the. ellipsoid presents the same ‘appearance t*oﬁgg__(_)*l?serve‘r_thce In every

complete rotation. It is equally clear that rotation about the bond axis produces no change in
polarizability and hence, as in infra-red and microwave spectroscopy, we need concern ourselves

only with end-over-end rotations=™)

If, following the usual practice, we define AJ as (Jupperstate — Jiower state) then we can ignore
the selection rule AJ = —2 since, for a pure rotational change, the upper state quantum number
must necessarily be greater than that in the lower state. Further, the ‘transition’ AJ = 0 is trivial
since this represents no change in the molecular energy and hence Rayleigh scattering only. D

Combining, then, AJ = +2 with the energy levels of Eq. (4.6) we have:

De=¢p—yi2—Ejr=y
" =B(4J+6) cm’!
Since AJ = 42, we may label these lines S branch lines (cf. Sec. 3.2) and write
Aes="B4T+6) “cm =T (F=0, 1;2,°".) (4.9)

where J is'thc rotational quantum number in the lower state.
.‘Th“,s,.lf_tmf_mlecule gains rotational energy from the photon during collision we have a

%“CL"W branch lines to the low wavenumber side of the exciting line (Stokes’ lines), while if

| “?°l°CUIti loses energy to the photon the S branch lines appear on the high wavenumber side
Slokes’ lines), The wavenumbers of the corresponding spectral lines are given by:

w .
"?rve:n:;lem sign refers to anti-Stokes’ lines, the minus to Stokes’ lines, and Ve is the
r of the exciting radiation’P |
44, chaltk“'“’,d_‘l’ar.lSitions and the Raman spectrum arising are shown sghematicgl!y in Fig.
are ;?nsn,(,n is labelled according to its lower J value and the relative intensities 9f the
idicated assuming that the population of the various energy levels varies according to
i

(4.8)

=, and Fig. 2.7. In particular it should be noted here that Stokes’ and anti-Stokes’ lines
i ‘s’al‘able Intensity because many rotational levels are populated and hence downward
4r¢ approximately as likely as upward ones.
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etric Top Molecules
7 SymI

4 . apility ellipsoid for a typicaj Symmetric
rizabl ; . € top molecyle
The Poll; Fig. 4 3(b) P:iamlty tr.otatlopuabout the top axis produc; rfl(:)r ‘;dem? CHCl, was
W0 Bl end overend rotations will prodyce gy, , change change in the Polariz-
ity o Eq. (2.38) we have the energy levels. '
1o
B U ) U
(J:O,1,2,...;](::}:‘]):&(‘]*1)"”) (4.11)
et election rules for Raman spectra are:
AK =0
AJ=0,+1,

2 (except for K — 0 states

when AJ = 49 only)

K it will be remembered, is the rotational
selccti’on rule AK = 0 implies that changes in th
20l give rise to a Raman §pectrum—such rot ) Raman
inactive. The restriction of AJ to +2 for K = 0 stz.ites means effectively that AJ cannot be +1
for transitions involving the ground state (J = 0) since K = +J, +(J - 1), .. -5 0. Thus for all J
values other than zero, K also may be different from zero and AJ = +1 transitions are allowed.
Restricting ourselves, as before, to positive AJ we have the two cases:

(4.12)

quantum number for axia] rotation, so the
€ angular momentum about the top axis will
ations are, as mentioned previously,

I. AJ=+1 (R branch lines)

AeR =€y=y4+1— €=y

(4.13q)
=ORB(J ¥} om (=1 2,3 - (butIZD)
2 AJ =42 (S branch lines)
Aes =€p_ji1— €=y (4.13b)

= B(4J + 6) cm™! (=057 )
Thus we sy have two series of lines in the Raman spectrum:

=1 ‘J=1,2,...) 414
VR = V.. + Acg = 7x £2BJ+ 1) cm_l EJ:O s } @14
Vs = ey + Acg = Vex £ B(4J +6) cm

These Seties are sketched separately in Fig. 4'5@) s g;)x: a
c(’"“-Sponding lower J value. In the R branch, lines a;tDP(,B 108, 14B, ... cm
€XCiting line, while the S branch series occurs altern,ate R line is overlacI" is not cO
um, shown in Fig. 4.5(c) illustrates how everydawhich, it should be noted,
Sdmarkeq intensity alternation is to be expecte

With |
uclear Spin statistics.

where each line 18 labelled with its

-1 from
Eracm
t 4B, 6B, 8B, 101?,1. The complete

d by an S line.
poc.2 nnected
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Figure 4.5 The rotational Raman spectrum of a symmetric t

separately in (a) and (b), respectively, with the total spectrum in (c).

.Normally all rotations of asymmetric to
Their Raman SPectra are thus quite compli

suffices to say that, as ip t
considering the molecule as ip

op molecule. The R and S branch lines are shown
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4.3.1 Raman Activity of Vibrations

If a molecule has little or no symmetry
vibrational modes will be Raman active or inacti
all its modes are Raman active. However, when the mo
always easy to make the decision, since it is sometimes not ¢
whether or not the polarizability changes during the vibration.

it is a very straightforward matter to decide whether
ve: in fact, it is usually correct to assume thy
lecule has considerable symmetry it is poy
lear, without detailed consideration,

Scanned with CamScanner



RAMAN SPECTROSCOPY 109

e consider first the simple as :
hown in Fig. 4.2. In in)g. 4 gmme.mc top molecule H,O whose olarizability elli id
i ental modes vi, v2, and v o ll‘lUStrate in (a), (b), and () ; o i
fuﬂdam i ext} en;e i 3 sketching for each mode,the e 'l" “:,Spectlvely, the’ thrge
he centr® bty cll positions to right and left. The quilibrium configuration in
retch, in Fi
,in Fig. 4.6(a), the molecule as a whole increases and decreases

puring t 3
hen a bon is stretched :
, the electrons forming it are less firmly held by the nuclei and so

in SIZ8
pond
seins

omes more polarizable. Thus th :
. . ; e polarizabili o Ko
ize while the bond . ility ellipsoid of H,0
s stretch, and to increase while they compréss fgiz tt:)errel);ri)re:f:: ;0
; in an

ioN

(o)

the
Jecred

@& B,

(@) Y1s symmetn'c stretching mode

A= @/\m

(b) v, bending mode

J

(c) 3, asymmetric stretching mode
lecule during each of

he polarizability ellipsoid of the water mo
ition of the molecule, while to right and left

Figure 4 ,

its thm":“;l;ha‘. change in size, shape, Of direction of t

are the (exa, tional modes. The centre column shows the equilibrium pos!
ggerated) extremes of each vibration-
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hi : imagine vibrations of o
hand, W . thus if we . . y
he other ; thu 5 near configur:
ot constant shape: On't hich cha ges : approa‘:h"s thc‘ll peon guratjg,
SpPIOXIIAC o ape of the elipsoid b T oy the molech  op ) it approximates 1o 8 diaton,
4.6(b), it 1s the § treme (on t e ¢ the 1 . .al axis. Finally in Fig. 4 ¢, .
: at one €X extrem . yertica 3 (¢)
large ar:l)lfr:)i‘:;l axis, while at elogl;frcoincid t Wl:: ztlhe size and shape remain app;q,
with a hori : are alm 0 all three vibr;
olecule (if the twWO 1%, o hing motiom V3 hanges markedly.- Th.us . d all : -H ons
% have the asymmetne SR of the major X larizability ellipsoid, and all are Ram,,
we

u
mately constant, ® nges in at least on

i ¢ ntal vibr: ,
involve obvious chd le CO,, whose three fundame rationg
cu ,

first three columns of Fig. 4.7 we illustrate ¢,
irs

' : approximatc polarizabj)j,

wn in Fig. 215 ecule and their . EL y

. sho tions of the m(;‘lthe symmetric Stretchlng mode, -L 1,18 C‘l\lly
extreme an]('jh:c:] ize, and 50 there is a corresponding flucty,.

‘ejlllP;O:jd’S:during the motion the MOICCHE = thus Raman active. It might be thought that the Vs
ecide : nis

tion in the size of the ellipsoid; tive, because the molecule changes shape during each
and vy vibrations are also Raman active, . wever, both these modes are obseryeq

soid; ho ;
vibration and hence, presumably, €0 itk ple rather more carefully.

5t en. consider this example ratuts : 5
e Ramanhf"aFllf’e- “:alm ?:t’dglcus’s the change of polanzablllty with some displacemen
To do this 1t 1S us

hing motion, £ i1s a measure of the
coordinate, normally given r:lher :s);til(l)?lo(lni-g ;li“‘: ff)oz)fat}i::n:gn 4 ﬁn Bt consideration, while for ,
' itive £) or €0 - T

zmznﬁ:ne n?:asurcs gne displacement 'of the bondd'angtlfo rfgom its equilibrium value,
positive and negative ¢ referring to opposite displacement directions. Y ‘

Consider, as an example, the v, stretch of carbon dioxide sketched in Fig. 4.7(a). If the
equilibrium value of the polarizability is ao (second plClllll‘C) .then, when the boqu stretch (¢
positive), « increases (remember that the extent of the ellipsoid measures the reciprocal of o),
while when the bonds contract (negative £) a decreases. Thus we can sketch the variation of ¢,
with ¢ as shown on the right of Fig. 4.7. The details of the curve are not important since we are
concerned only with small displacements; it is plain that near the equilibrium position (£ = ()
the curve has a distinct slope, that is de/d€ # 0 at ¢ = 0. Thus for small displacements the
motion produces a change in polarizability and is therefore Raman active.
dow;t;v v;:dr;o;s;cl):cs;ie:ntthzfsntt;eatlon for vy, the bending' motion of Fig. 4.7(b), we can count a

i em oXygen atoms as negative § and an upwards displacement as
positive. Although it 1s not clear from the diagrams whether the motion ca i as
;iecmse In polarizability (actually it is an increase) it is plain that the ch L el
or both positive and negative §. Thus we can plot i B el the samc
before, a = ag at £ = 0. Now for smal dis 1ap ¢ against § on the right of Fig. 4.7(p) with, as
for small displacements there i effectivel Pnocer}?ems we evidently have da/d¢ = 0 and hence
¥ 110 change in the polarizability and the motion is

' i ' ic mole
GCHV;I- w consider the linear triatomic
o : . .

n
modes have bee {librium configura

Raman ingctiye.

Exactly the same ar
v b gument appl;
the polarizability decreages pplies to the ag

ymmetric stretch et
i equally for posit ¢tCh, 3, shown in Fig. 4.7(c). Here
4gainst ¢ has the appearance showy Ar POsitive and negative €, so the plot fg 1 ©) bility
1S Raman ingcyjye N Again da/d¢ = ) ¢ plot of polarizability

or small displacements and the motion

a/d¢ # w:li\;e S¢en that the Raman spectrum 15
1 Imagine that the ‘degree of allow-

polal‘izabil'
Ity curve hag a large slope at ¢ = () the Raman
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RAMAN SPECTROSCOPY 111

@ symmetric stretching mode - 0 +&
(). ‘
No” ’
: g

(b) v2, bending mode : —& 0 I
®—©-® @-G_O ;

<= ‘I\

56 0 l +E

(¢) v3, asymmetric stretching mode

Figure 4.7 The changes in the polarizability ellipsoid of carbon di_oxide during_ its vibrat'ion's,l and a graph showing
the variation of the polarizability, a, with the displacement coordinate, £, during each vibration.

line will be strong; if the slope is small it will be weak: and if zero, not allowed at all. From this
stems the following very useful general rule:

g / i P 4 etric ones are usually weak and
tions give i ntense Raman lines; non-symm
t{%\vg rise to 1

ine; e.g. the v
In particular, a bending motion usually iAot we?lt()el:: r:t?;:rl\l/l;cei: flogr has vsz,
Motion of H,0 (Fig, 4.6(b)), although allowed in the Raman, has no

or which dar/d¢ is also small.
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metric stretch ive .
Inact Active

blished whose operation p,
nclusions about the R‘dma:y, be
s of this molecule in Table 4.1, anqd ang
eously active in both Raman and ip ffae-rzze

W Rule of Mutual Exclusion

extremely importd
Mg dioxide. We ca

exemplified by carbon sumi

infra-;:ed activities of the fundam.enta'l V1.brat10n

that, for this molecule, no vibration 18 simultan

The corresponding general rule 1s:

of symmetry then Raman active Vibrations
are

Jusion. If a molecule has a centre net
of symmetry then some (but not necessarily 1y
a

‘Rule of mutual exc
infra-red inactive, and vice versa. If there is no centre
vibrations may be both Raman and infra-red active.
The converse of this rule is also true, i.e. the observance of Raman and infra-red
§howmg no common lines implies that the molecule has a centre of symmetry; but h oy
;sbx;eece:iar;:I since, as we have a!ready seen, a vibration may be Raman active b’ut to ere cautjop
: rved. However, lf some vibrations are observed to give coincident R - W§ak to be
:11t sorpu(;ns ;t is certain that the molecule has no centre of symmetry. Th - 20 and infra-reg
structural information is obtainabl ' e CXIT
eb emely v
y comparison of the Raman and infra-red SPZCt?;uatf)le
oI a

substance; we shall show examples of this in Sec. 4.5

433
Overtone and Combination Vibrations

carbon dipyide :
) Xide ip
only “llnfra-rcd active
. Weshall not ass. Py i
g & :ha S e Man actjye although
SCopy doe at the activity liscuss his Matter f, e
i urth
" er

t
: no
Particularly i .o CSSaril tiv
it Y if the Y imply ¢ 1 , bein
nd i bergfnolecu OTTesponding Undamen(g) ing content to leave the reader
Metr $ Overtone .
S or combinations:

i d Rq
Mman § i More deta;
Pecira ang oy oo 2iled discussion is to ¢
€IS mentioned in the bibli-
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’ &w{raﬁonal Raman Spectra
4.7

e Stl‘UCt
an write @

are of vibrational Raman spectra is easily discussed. For every vibrational mode we
n expression of the form:

e=we(+3) —Dexe(v+4)? em'  (v=0,1,2..) (4.15)

Fan

ore, 88 before (cf. 'Eq. (3.12)), @, is the equilibrium vibrational frequency expressed in
pumbers and x. is the anharmonicity constant. Such an expression is perfectly general,
the shape of the molecule or the nature of the vibration. Quite general, too, is the

Av =0,+1,+2, ... (4.16)

which is the Sa1Te for Raman as for infra-red spectroscopy, the probability of Av = £2,£3, . . .
decreasing rap@ly. |

partieuiaiang, now, 10 Raman active modes, we can apply the selection rule (4.16) to the
energy level expression (4.15) and obtain the transition energies (cf. Eq. (3.15)):

v=0—-v=1 A€ fundamental = Je(1 = 2x,) cm” l
v=0->v=2 Aeovertone = 2@,(1 —3x,) cm™' (4.17)
v=1->v=2 Agy =@e(l —4x,) cm™'  etc.

Since the Raman scattered light is, in any case, of low intensity we can ignore completely all
the weaker effects such as overtones and ‘hot’ bands, and restrict our discussion merely to the
fundamentals. This 1s not to say that active overtones and hot bands cannot be observed, but
they add little to the discussion here.

We would expect Raman lines to appear at distances from the exciting line corresponding to
each active fundamental vibration. In other words we can write:

e - =
Vindamental =i Vex ot AEfundimental. . CTA (418)

where the minus sign represents the Stokes’ lines (i.e. for which the molecule has gained energy
at the expense of the radiation) and the plus sign refers to the-anti-Stokes’ lines. The latter are
often too weak to be observed, since as we saw earlier (cf. Sec. 3.1.3) very few of the molecules
exist in the v = 1 state at normal temperatures.

The vibrational Raman spectrum of a molecule is, then, basically simple. It will show a
series of reasonably intense lines to the low-frequency side of the exciting line with a much
weaker, mirror-image series on the high-frequency side. The separation of each line from the
centre of the exciting line gives immediately the Raman active fundamental vibration frequen-
cies of the molecule,

As an example we illustrate the Raman spectrum of chloroform, CHCls, a symmetric top
Molecyle (Fig. 4.8(a)). The exciting line in this case is the 488 nm argon ion laser line (at a power
;g 100mW), and a wavenumber scale is drawn from this line as zero. Raman lines appear at 262,

6, ; 68, 761, 1216, and 3019 cm ! on the low-frequency (Stokes’) side of the exciting line while
infenlsl;fyat 262cm! on the frequency (anti-Stokes’) side is included for a comparison of its
eI::r comParis.on also we show at Fig. 4.8(b) the infra-red spectrum of the same molecule.
that strnge of the instrument used precluded measurements below 600cm !, but we see clearly
i o0g (and hence fundamental) lines appear in the spectrum at wavenumbers correspond-

i"len:irty Precisely with those of lines in the Raman spectrum but with very different relative
165, .
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\ﬂ-l The Nature of Spinning Particles

We have seen lf! Ci_ll‘!ler Chapt8fs that all electrons and some nuclej

veniently called ‘spin’. Electronic spin was introduced in Chigtter Sul POSsess a property con-
: L o ’ 0 account f o St aia

which electrons group themselves about a nucleus to form atoms and we found th'?rhthc_ vy

acounted for some fine structure, such as the doy at the spin also

blet nature of the sodi Ine, i '
' ‘ g sodium D line, in ¢ ;
spectra. Equally, in Sec. 5.6 it was necessary to in gt

voke a nuclear spin to account for very f;
‘ . 0T very tin
effects, called hyperfine structure, observed in the spectra of some atoms. o

In this chapter we shall consider these spins in rather more detail and discuss the sort of

~ spectra they can give rise to directly rather than their influence on other types of spectra. After

an introduction discussing the interaction of spin with an external magnetic field we shall
consider in some detail the spectra of particles with a spin of ; (i.e. electrons and some nuclei
such as hydrogen, fluorine, or phosphorus), then a brief discussion of some other nuclei whose
spins are greater than i, and finally a few words on the techniques involved in producing

tlectronic and nuclear spin spectra.

11 SPIN AND AN APPLIED FIELD

mentum of
: an an UIal' mo

I that is they havew
n of 3 th r

\\ye‘ e seen that all electrons have 3 S s spin although the angula

5 (4 et 0SS€s
36+ Dl(h/27) = \/3/2 units. Many nuclei also P AT
um ¢ ; leus s of one particle OP> =
oncerned varies from nucleus to nUCKEE: consists

: m, which , taken as the units
Prog e simplest nucleus is that of th%hydrogilnc?\;orge (+1.60 % 12 ‘9eC ineina magnitude bt

. " 2 har C lSv ! .
oppoe ' Mass and charge, respectively: e cOtOE also has @ Splr;]Oh)z'drogen nucleus) 1S thfl
"Posite in sign to the electronic charge: TREP e d, again. @ P!

: t fro “
1 UClel (apar Charges a
Neuty Nother particle which is a constituent ;)foa?hzt of the proton no
O vhis . | o
o, " this has unit mass (i.e. a mass €d
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200 FUNDAME 4 of pprotons and n neutrons its total ma.. :
A 0s€e Sl rgy), its total cl By
Thus if @ particular nucfle‘fsl::sg?g with nuclea’: E;?sslf;ga :;eofg&n)mg;‘m;f “l‘fl*r’c 1S + ol
(ignoring the small mass deveecto COmbination 0“’ i it as a prefix to the nucl«:\f\r S\ * Htomig
and its total spin Wlu o E} r each nucleus bY wfmng ass of 12. Since the atomic N ook fog
mass is usually spect Ll cleus of carbon having 2 nll must contain six p t o aree is sig
example (2C indicates tHENEE 7 o ojy that the DU Eus > Protons ang o8

13C (an isotope of carbon) has six Protodl
' ong

of a different number of protons and neutropg win
> wil]

Each nuclear 1soF0pea,lue Unfortunately, the laws governing the vector adglmun‘ot. -
have its own total spinV o'the spin of a particular pelels = Do predicted ip general}
ot yet known $ nalized and some empirical rules have been formulateg

ins can be ratio , ; : : .
bserved spins e sleis (VH) fis % since it consists of one proton

in of the hydrogen o - nlys
deug:ﬁ:n tt:; Si;’(‘)wpe of hydrogen containing one proton and one neutron (that is °H) Might

have a spin of 1 or 0 depending on whether the; proton E.md NEULEON SPIns are paralle] of
opposed: it is observed to be 1. The helium nucleus, containing two protons and two neutropg
(*He), has zero spin, and from these and other observations stem the following rules:

eutrons.
and seven I being composed

spins are n
However, O

1. Nuclei with both p and n even (hence charge and mass even) have zero spin (for example *He,
12+ 16
Cac0petcy)!
2. Nuclei with both p and n odd (hence charge odd but mass = p + n, even) have integral spi 1
(for example “H, "*N (spin = 1), 1B (spin = 3), etc.).
3. Nuclei with odd mass have half-integral spins (for example 'H, N (spin =
(spin = 3), etc.).

electron in Eq. (7.1) if we agree to labe
» and remember that  can be } only o

¢ may note her thiHSerted, ntum of nuclei and of electrons once
¢ that many (e
XIS use g gj
mpler form of E 1
q. (7.1), viz.
I= I —h_ :
Peas I units
This ;
€quation js not, h
y NOwe
shall use the more rigomu‘;er Strictly Correct fr

equati Om : : :
b duation (7 1) throy 4 Quantum mechanical point of vieW and 7

S s poil _ \
arbitrary direo familjay With the ; dghollt this chapter.

reference tion ideg 4
Thus we direction are gither all UL can o onl that the angular momentum vector I ¢ p
can have COMponents E:ntegr Gf 1 s Y 80 that its components along a PAr"

n :

long 5 partlcul:;egiral) or all half-integral (if / is half-inte88
rection z, of: g
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SPIN RESONANCE SPECTROSCOPY 201
| P Y A EORONE ) B
| v~ =1); =1 (for I integral)
[ Ir=l~1_]“"'§‘~%""‘_1
ﬁ (for 7 half-integral) (7.2)

pv | magnetic field is applied t + L different
ma 0 define th i energy levels result
jfan exte of such a field. ¢ reference direction. We shall now consider

’%1 [nteraction between Spin and a Magnetic Field

In pﬂ“v a <:hal'§eil :arzglcc ;:)u(;:nnlg about an axis constitutes a circular electric current which
j turn produces gn pole. In other words the spinning particle behaves as a tiny bar

agnet placed along the spin axis. The size of the dipole (i.e. t
soat charge can be shown to be: pole (1.e. the strength of the magnet) for a

q gV/II+1) h h
4 _wl+D h_ ek o
" 2m 2m 2 47Tm\/l(l—+l) Amz

shere g and m are the charge and mass of the particle. The magnetic moment is here expressed
in the appropriate fundamental SI units, amperé square metre (A m?); it is useful for later
arguments, however, to express the magnetic moment in terms of the magnetic flux density
(colloquially ‘magnetic field strength’), the SI unit of which is the tesla (symbol T, units
kgs?A~"), where 1 T = 10000 gauss. The conversion is:

Am? = (kgs 2T ')m? = JT' (joules per tesla)

So we may write:

i} Spa R (1.3)
4mm
" and 1t is this form we shall use in our subsequent discussion. (It should be pointf:d out that, .when
the magnetic moment is expressed in C.g.5. units, as in older textbooks, the right-hand side of
3 (7.3) will be divided by c, the velocity of light.)
When we remove the fiction that electrons and n
madified by the inclusion of a numerical factor G:

_Geh gy 1T (1.4)

4mm |
bol g and called the Lande

on and may be calculated
the other hand,

uclei are point charges, Eq. (7.3) becomes

F;:"!‘WS, we have seen (cf. Sec. 5.6) that G 18 givenftlhhe Sc);:‘ctr

factor; its value depends on the quantum state of the

omte L, S, and J quanu?rcn numbers (cf. Eq. (528))- Nuclear fn';i‘l’:;“’ o
b calculated in advance and are obtainable only expenm

For tlectrons, Eq. (7.4) is usually written: (1.5)
e nJT
u=—gov/il+ 1) called the Bohr

i tant ﬂv d
Mere e have expressed the set of constants gh/4rm as 3 (P"s‘“‘:‘;::"(';':l 10 " kg) in this
", teplacing the electronic charge (1.60 x 107" C) and

AR -}
we can calculate 4 = 9.273 ¥ 10 HyT!.
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1 express ' .
he other hand, are conveniently expressed in terp,q of
Nuclear dipoles, on the f the mass and charge of the proso,-

o terms O . ‘
which 1s defined in te ‘,

mogneion 2 5050 1071 I T
ﬂN 3 4m,,7r

for a nucleus of mass M and charge pe (where p is the number of Protons) y,
Thus for a 3

write:

=

h Gm
_GPe D) o= 2 AT+ )
M ™

A RSV 16

where we have collected the parameters Gmpp/M, in which my, is the protonic m
¢ which is characteristic of each nucleus. This factor has values up to about s;
for nearly all known nuclei (see Table 7.1 later). ?

Thus the analogous equations (7.5) and (7.6) define the equivalent spin dipole for "
spinning particle. The dipole will plainly have components along a reference directiop Gl :ln
by the I, values:

M

ass, into g facto‘
X and i POsitiye

(7.7

u. = —gplI; (for electrons)
p: = glnl; (for nuclei)

where the I. are given by Eq. (7.2) for a particular particle, and the di 1l

: : @. : - ipole will interact ¢
dlf;fhen]:n_t extents, dcp}:ndl.ng on its magnitude, with a magnetic field. The situation for a nucle
with /=1 is shown in Fig. 7.1. The angular momentum of the particle (Eq. (7.1)) is:

mwg:ﬁ:ﬁ:’(‘_’, ?I; ‘:e paper). This is shown in Fig. 7.1(a)
g shows that i; and ] hay Eade i’
the many nuclei which have posiiive g Vzal e the same si

gn (i.e. point in the same direction) fo
by arrows in Fig. 7.1(b) where, ¢

ues. The three . values for thi

; this system are represent
onven :
tionally, the lines of force inside the magnet are dra
\/ LT s y
[} il
| VN No  Field
+1 .0 F field  applied
Py |
N | | 2
: i 1 pa
v : : y
- B L /
i ' ™ ~— )
-~ | . I \
| \
I
: | N \
' | ST
P i
|
J /\\N‘H
)
Figwre 7.1 Sihon; (&)
resuly; NE (a) the py,
"Wk? e dipole, ., on om?,:“)m of $pin of o he
an ! a nue ; ; 1. (bt
4ppliey Enetic "‘_.:?(l!eus With spin quantum number / = ll’kl,wed to the

B.; and (c) the three energy levels 3
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SPIN RESONANCE SPECTROSCOpPY 203

inting to the N pole. If we imagine the applied m:
an'o’wpo

: , agnetic field ¢
4D gnet and apply tll'le Same convention_ it I8 clear that the lines of
v rsehoe M2 be shown pointing from the N to the S pole anq,
ah(:na et wl“_on we arrive at the configuration given in Fig. 7

H 1011, 4 i
‘hcsi 'vezdlf:csi nt a nuclear dipole opposey to t
P | repr

he magnetic f;
in the same direction as the applied
L= | s in
+1

L has no net dipole along the.ﬁeld dir
;ate L=0 field is applied or not. ThlS 18 shown
5 nether thise if the nuclear g factor is negative. 1L
Of course,

Opposite from I, and the order of
1g. 7.1 will be reversed. Simi
rgy levels of Fig. .
]abe]linlg tl::o:lnjngz magnetic field, the lower will
ne ec
|

0 be produced by
force external to
these to be ip the
see that the state
high energy) while
of low energy. The
unchanged ip energy

if we require

1(b). Thus we
eld (je of
field ang 1S, therefore.

ection and 1s therefore
In Fig. 7.1(¢).

to a

agnetic dipole and a field of strength B- applied along
axis is equal to the product of the two-
e Interaction — i4:B.

he separation between neighbouring energy levels (where I- differs by unity) is:
Thus the

= |gBnB.| J (When B. is expressed in tesla)
Thus in hertz:
AE i gBNB:’ Hz (79)
Iy T

: ).
1 indi ositive differences only should be consndereq

g I'nOdulus S'lg?, & .s|’elcrifcl)(;?:t)e;icthtit:lfnique: a transi?ic.m of elt;ctr:SnS (:)criaﬁ:;leviirt liptl;::
N R Tais de bes - al preferred to as ‘a change of spin’) may eof L
a S ICV?IS e in the form of radiation at the freque_ncyrinCiplev i
e o absorpt'lon = Cha 1 to the applied field we can arrange, n;np s
since the frequency 1S proportiona 2 Hmetie el g Choodsergof sproose el
Spectra in any reglqn of the e]ectrlcl) s normglly s Ogncy o119 el for ek
H(:iwever, for pract;cal reasolrj::( tu Se B e the spproninfiies
4d 0.3 tesla for electrons.

ific
5 i choose the rather speci
:Sﬁeflrcumstances. dy By = 5.05 x 1027 JT-!, and if we

OF nuclei: We have already 8y = 5.

late:

= 5.585, we calcu

= he g factor of : 10

Value of B 2.3487 T and the g 5.05 x 1077 x 2.3487 _ 00 106 Hz (7.10)
5.585 x S. -

Hy. falls in the short-wave radio-

erate at just
ectrometers Op: ther
uclear magnetic fesomfmge fs:r the Calcu"“non'()f;;lﬂoz for
Y region; in fact a great ngzensuch a lgr‘ecise:.V“l'l‘e(:tc,ral f;ll between | anfrit;?]t e

duency, which is Yy weu(;r g factors, and their szerew of the more mllgp‘; 0.34 T. Then:
flclej (except tritium) have sma llects some data for assume g = 2 and B:
the g € applied field. Table 7-13‘3o 10-2¢ JT ', and let us

3 |
o electrons: Here 3 =927

0° Hz
E 2x9273x107%x0.34 55001
A = .

wave-
—34 . i< on the long o
= 6.63 x 10 a frequency, Wthh'lSUes of nuclear an
h siderably higher difference, technid
lThUS elect Because of this dili€

Ngth g

18 fre

(7.11)

con
Ton spin spectra fall at aion‘
8¢ of the microwave reg
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1
vC : 7.22
¥ I : —0.7572
N : 13.56
170 3 5.255
3 94.07
o ; 19.87 1110
g : ' 2.261
b ! e 5472
”Zl : 9.80 0. -
07pg I 4.05 0:2260
119Gy 1 37.27 -2.082
127 3 20.00 [.118
%Hg ! 17.83 0.996

electronic spin spectroscopy differ considerably, as we shall see later, although in principle the
are concerned with very similar phenomena.

Perhaps we should note that practitioners of nuclear magnetic resonance (n.m.r.) spectrg
scopy normally refer to the applied magnetic field as By rather than the B. which we have use
gbove. For the remainder of Sec. 7.1, however, it is convenient to retain B. (and later §
introduce B, and B,) in order to emphasize the interaction of the spin vectors /. with the
fields. We will use By for B. (and B, for B,) from Sec. 7.2 onwards. '.

\/4 Population of Energy Levels

When first confronted wi 2
with : -
experimented earlj nuclear and electron spin spectroscopy the student (Who

ler with A 2 : ]
(orectronic) oy ith bar magnetics in the earth’s field) usually asks: why don’t the nuclé

gnetic moments j : ; : . v
all occupy: the Jowest energy statel?mmedlately line themselves up in an applied field s that the

78) is A'p : energy | 3t |
(78)) is AE Joules, [ et i}; :;';lg are split in an applied field, and their energy separation t
ne our attention to particle; with Spin -,I- (and hence JuStne

2 e
S, however, are easily extended to cover ‘hecg
“rature TK the ratio of the populations of s

ma
Ty stateg that at rk

a tcmp
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nn constant. Thus at al] tep, 05

to some extent, althoug}, f; bove aps
vt or
nuclear and electron sping large AE tpe

Peratureg 4

~ AEnuclei =~ 7x jo-2
. AE electrons = 6 x 10-24 J inag M4TH

- leld
0-BJK ! we have at room temperaty e

& ( 5510726

(T =300K),
42 x 1o~2l) ~ exp(=1 x 1075

1= (1x 107)  for nuclej

6 x 10~
~ 325 Tom) ~ (-1 x10°)

~1=(1x107%) forelectrons

is very nearly equal to unity and we see that the s

e two (or, in general, 2/ + 1) energy levels.

now the nature of the interaction between radiation and the particle
to transitions between these levels.

pins are almost equally

cession

) that the dipole moment of a spinning nucleus is
p=glv/II+1) IT"

uantal laws, the vector represented by p can be oriented only s0 Fhat its
“or half-integral in a reference direction. The corol.lary to this is thtat;
nol be integral or half-integral if I is integral or half-.m'tegre.ll, E,h; v;:ca :d
tly in the field direction. We see one example of this in Fig. 7.1(a

th spin 1 in Fig. 7.2(a). For such a particle:
p= éﬂN\/ 3/2 and p:-= +1g6n only

o it wi s lie more or less
5 Tan! nis in, it will alway S
' nning nucleus or electro S it into

gl%t;ﬁ):f lb(: deer the influence of a couple tending t
BCICior dered analogous 0 that of

ication of a
t the application o%
s tha s of the axis

ctron can be cons!

iments convince U

f a spinning nucleus or ele
duces a precess

€7 L 1 s‘ Ex Cl' .
)fg;?t}pn free be.armg. p‘lt but merely i article and the

oes not cause its axis 1o 1 ¢ occurs with a SP mn;lng preccssional re
i ially the sam oty ert ., The p

couple. Esscng;gr); is sketched in Fig. 7.2(0)

Larmor prece ;

) is given by: :

B-Das, ‘magnetic l}’_‘:‘_‘fﬂf; « B. rads &

w = #n gular mqmentum

 pB.
St S
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nucleus.
Replacing p and I by their expressions in Eqs (7.6) and (7.1):

gonyvII+1) B. gfBnB:
JIT+10) (h)2m) 2n . h

and, comparing with Eq. (7.9), we see that the Larmor precessional frequency is just ¢
frequency separation between energy levels.

Hz

el ‘ ' quency as that of the precessing particle, it
in eract_coheranly with the particle and €nergy can be exchanged; if it is of any other frequent

on. The phenomenonj then, is one of resonance. For nuclei it is refert
m.r.), while for electrons it is called electron spin resonat

X 5, nelic resonance (e.p T e '“

xperimentally There 15 3 chojos o e 'CE (©-PL). e might either apply a fi

i . either apply a fi

CQUency of the radiag: : Larmor frequencies are all,
OCCUr at precisel

Lin radiatiop ata fj y that frequency. On the other hand,
Orplion oggyey xed freQuency of 100 MHz and sweep the applied f

' g from one sp; i Rl 3
, Pin state rof
M which the ¢ to another is directly p

are very nearlranSitiOn takes place. We have seen in
Induced ¢, almogy thy €qual, and so during resonance, up¥
redominaye gf; h UPper (e.g. at e ilj C'Sam.e €xtent. However, while the I
Ehtly, anq 4 net (byy qu brium in the absence of radiation), up

Ationg meery small) absorption of energy occurs from

N can p a::(elua * UPWard and downward transitions
aneously e re'es»lablishe : ':nd the System is said to be saturated.
Aresult of int System loses its absorbed energy;

fraction with radiation or with fluctud
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in surrounding magnetic fields of the appropriate frequency.
On spectrum which, since t
induction spectrum.

The emitted energy can be col-

e lied th, he emission is induced and not
ous, 1s called the nucleqr
Spontane 3
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vf.z/ NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY:
HYDROGEN NUCLEI

We have seen that a particular chemical nucleus placed in a magnetic field gives rise to
resonance absorption of energy from a beam of radiation, the resonance frequency bei
characteristic of the nucleus and of the strength of the applied field (some data have alrea
been referred to in Table 7.1). Thus n.m.r. techniques may be used to detect the presence
particular nuclei in a compound and, since for a given nuclear species the strength of the n.m
signal 1s directly proportional to the number of resonating nuclei, to estimate them quantit
tively. However, an n.m.r. spectrometer is an expensive instrument, and there are many simpl
and cheaper methods available to detect the presence or absence of a particular atom 1
molecule. Two other characteristics of n.m.r. spectra which have not so far been mentiont
make the technique far more powerful and useful; these are the chemical shift and the coupli
constant, which we shall discuss in the following sections. o 3

The vast majority of substances of interest to chemists contain hydrogen atoms an_d, ass
nucl_eus has one of the strongest resonances, it is not surprising that n.m.r. has found 1t.s Wl.-
apphca.tnon to these substances. When discussing chemical shifts and nuclear coupling »
convenient to use one type of nucleus as an example, although all spinning nuclei ShQW ‘
Et};t(;?gz?); 1::vil:gz?s1;§:igiws we shall Co_“sider the spectra of hydfogen'contamlng

) of other nuclei to Sec. 7.3.
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he Chemical Shift
1 TMm

e have consideredA the beh
o aoW ¥ t, of course, realizable ip
ion 18 nOlécules. When placed i 5
arlfi mOCh a direction as to
2 m) S:S shown for a single
;

aviour of an isolateq nuc
Practice since all nyclgj
Magnetic fig]q the
Produce g field 0pposing
atom in Fig, 7 1

8. Plam\y the tota

leus in ap

are assocj
ms$
~ylat
jreule™
circulation

aucleus 15:

Bcffecti\c = Bapplied - Binduced

the induced field is directly Proportional to the applieq field
e
and, sin

Binduccd = gBapplied

have:
1 onstant, we
og1sac

where

effective = Bo(l = U)

(7.13)
the applied magnetic field. (Note that we here yse the n.m.r. spectroscopist’s normal
where 1;:0:3- By for the applied field rather than B, ysed earlier, s
ns:ligr(:med with the details of spin vect
¢

gnetic electrogic_:‘gi; lion.
hielding will be constant for g given atom in isolation, but will v
shieldin

bout an atom in a molecule; thus we may generalize Eq, (7.13)
anou

Bi= Byl —o

(7.14)
~ -5 ~1_v_-.i).’ ST
40—

1) 7~8
Mhones 1, S

which
bout a nucleus,

n cloud a

: ion of the electro

i tic circulation

h°‘”ing the field produced by diamagne

*Pplied fielq
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216 FU nucleus i whose shielding constant j¢ -

jcular As
, a particules . ron acceptor than cart 38
< the field cxperlCEE.?fPX“‘ﬁBis' “a much better “el'eccti it alfout The Tooroon (i
where BB = oy ow ThAt OXVEER oy =hen the electron CEAB AL 200 H¢ hydrogen 5
examﬂ%ﬂﬂ‘f;:«-—’g:aectfone ath{l).iY h;ﬁerﬂ{han in O"H bOndS. We w ould thus eXp |
. Degt

H= Bo(l = UOH)

B
Hi= Bo(1 - UCH), <O

Bc

S s
—— i
P

R T
AT

: — H bonds is greater than tp,
en nucleus 11 O = 2 at at ¢
Thus the field €x erienC§Q_.EXM&@;&M!@@GM, the CH hydrogen nucjeyg Wl:lel

TP s and , -
same nucleus in C H bond hat of OH. Put conversely, in order to come ol

than that —
th a smaller Larmor frequenc g (for example 100MHz), a CH py
precess vith radiation of a articular frequenc y
ra —

ce wit ‘

3 t , . i
W%%ﬁh 2 field on the energy levels of the CH; and OH hydrogeng iy

The effect of a steadi d n nucleus, having a smaller shielding constan(d

i in Fig. 7.9. The OH hydroge e ‘ ant,

CHSQ;;::: Z;ZZtleI; ﬁefd' hence its energy levels are more wi ely spaced than those of the mopg
experl ’

: : en applied field. If the system is irradiated with a beam of
Sh:iig(jt?gni?3sar;uc}(go ia\:llglzlywili:: thcp:pplied field is increased from zero, the QH nucleus wij] |
:cl)me into r:cson;mce first and absorb energy from the beam, the CHj; nuclei absorbing at 3
higher field. This is shown in the spectrum of metl.lanol, CH3QH, at the foot of the figure. The |
fact that the ratio of the absorption intensities (strictly thq ratio of the areas under the peaks) is
I - 3 immediately allows us to identify the smaller peak with the single hydrogen nucleus in the

Bﬁ—group, the larger with the CHs group. Since neither carbon nor oxygen have nuclei with

spin, they do not contribute to the spectrum.

Two very important facets of n.m.r. spectroscopy appear in Fig. 7.9: (J) identical nuclei
(that 1s H nuclei) give rise to different absorption positions when in different chemical surround--

ings (for this reason the separation between absorption peaks is usually referred to as their
chemical shifr) and ¥@Y"the area of an absorption peak is proportional to the number of
equivalent nuclei (i.e. nuclei with the same chemical shift position) giving rise to the absorp-
tion. We see here the basis of a qualitative and quantitative analytical technique.

_ It_ should be noted that electron density is not the only factor determining the' value of the
shnelng constant. Another, frequently very important, contribution to shielding arises from the
field-induced -circulatiOI_l of electrons in neighhgif_i_;fgr_p,@,r,té of'a molecule which gives risclc;_a
:hmoa‘gnrrilag;:lgtu; field acting in oppc;sitiop to the applied field. Two of the mén;possibilitjes are
acetylenlilc t;ig;;le.b?).ngli::;iol 10(a)(the circulation of the cylindrical charge cloud comprising a
the axis of the circulating chzlrlg:: ;flfeu:ilct:lll:uzfif:ith()f thé applied ﬁelq at a hydrogen .nucleus Aog»

us shielded and will resonate to high apphe

field. In Fig. 7.10(b), on th
Rl ; e other hand, we show the circulation of the annular clou.d of 7

d r()gen
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OH{

d Field increasing ——®
|
o fi

Ae =100 MHz

|

A
CH;
OH
//T//a o (hyl and hydroxy! “““:e;‘of 3487T
f the me oy oar resonance at = ,
0 S e ene gyl | (VCIS 0 portion unll\:, 'f‘::(‘:{ of the figure
Figure 7.9 The effect of an applied ??Sg?:g;ased rapidly 'n:);a;‘zmano js shown i
Methangl, CH,OH. The applied i€l 5 'y r. spectri™ .4 by varying (e APES
and then the increase is much sIOWe™ tain in hertz 4 follows:

¥ um cou
TMembering that the SpeCtrwe could quote t

frequency at constant fielé:

Hence:
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(b)

(a)

Figure 7.10 The field-induced eléctronic circulation in (a) eth and ; S

‘ yne and (b) benzene, s ieldi

respectively, at nearby hydrogen nuclei. ne, showing shielding apq deshielgip
g,

In practice, howe\{er, neither of the above chemical shift units is entirely satj
although both appear in the older literature. The difficulty can be seen as follow:tmfact.o, 3
Eq. (7.9) to take account of shielding at nucleus i and combining with Eq. (7.14): S

AE; _gBvBi _gBnBo(l — o))
h e h

and so, in hertz:

8BnBo
h

Now.the shielding constant, o;, is independent of the applied field or frequency, so plain]

chemical shift separation measured in hertz or microtesla is directly proportional to the appueg

field, By: it is, at the least, inconvenient to measure a quantity which changes with the operating

conditions of the instrument, particularly since different instruments use fields varying between.

0.6 and 15 tesla.
The difficulty can be overcome if we quote chemical shifts as a fraction of the applied field

or frequency. Thus for methanol, A = 139 Hz at 100.0 MHz is equivalent to A = 1.39 x 10 or|
1.39 p.p.m. (parts per million) of the operating frequency; similarly, A = 3.26 uT at 2.3487T1s|
also 1.39p.p.m. of the applied field. If we were now to double the field and frequency, the.
separation expressed in microtesla or hertz would also double according to Eqg. (7.15), but it

would still be just 1.39 p.p.m.
Chemical shift measurments are, of course, formally based on the resonance position of th;
lding and

bare hydrogen nucleus (the proton) as the primary standard; for this there is no shie “
hence o = 0. Since this is a quite impracticable standard, it is necessary to choose some regerr;gen
substance as a secondary standard and to measure the resonance positions of other hy :

Ily selected for hyc.irog' |

nuclei from this in parts per million; the substance now almost universa i
MS. Since TMS 151
d; its methy

resonances is tetramethyl silane, Si(CH;)4, usually abbreviated to T o
cible with water, in aqueous solutions the salt (CH‘13)38iCH CH,CH,SO3N lsbl;:ances qre ls0
protons resonate at exactly the same position as those of TMS. Both of these St

A = (O'CH = UOH) Hz (7']5)

excellent references for '°C spectra. G e used &
Tetramethyl silane has several advantages over other substances which have Pro
standards: i i
: haVC the

ARSTE ARG IS
. t (1.6
' : ; ‘ .o equivaled
\/i!s resonance is sharp and intense since all 12 hydrogen nucleLare ion.
e the same 051 -

same chemical environment) and hence absorb at exactl
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s0nance position is to high field of alm
ost all oth

/ (7
‘.’lwﬂes btc?i%ggsp?Mf ll-s large) and hence cap be gpg L yidrogen re .
gy It is alow ng point liquid (b.p. 27°C) 50 ¢a e S ecognized P
1 n be readily removed i‘r
Oom most samples after

Thus if about five per cent of TMS is
. added t
uced, the sharp, high-field re 0 a sampl
pr dard from which to calibrateS?;earsl;:C‘:f the TMS is ezsflsﬁgc?;nﬁggple;e n.m.r. spectrum
: ru an
other molecular groupings. Conventionally n ‘n‘l ?nsd to measure the chemical s‘l’\‘ﬁ:t{‘t 1::)::@ as af
Jn.r. pect 1tions o

ft. which places the T ra are di i

jom the left, wh e TMS resonance t ¢ displayed with the field increasi

been used for chemical shi i © the extreme ' i

e ifts, both in parts per million. An :)llgclh:ce;ll:” i’hmeasuremem s
: , the 7 scale, arbitrarily

ut the resonan:i:e Of-TMS at 10p.p.m,, with scale numb ;

Jonger 10 usg and, by international agreement, has been re 'il: ci;ccrpasmg to the left. This is no
ets the TMS T els:‘t‘ﬁn%e at 0.0 p.p.m. for both 'H and *C Epez:rawét.h the so-called 6 scale which
th{: CX_tremIt; rng e scale numbers increase from right to left. ilenciit:]; EMS e e
shielding. conversion bet'wc_en the two scales is needed, e.g whén.s. e direction of weaker
are st udied, the relationship is simply 6 = 10 = 5E:8: pectra in the older literature

Fllgure 7.1 lhmdlcates the aPPTO)fimate. resonance positions of a few molecules and molecular
groupings on the § scale. In studying this figure, we must not lose sight of the fact that the
resonance positions shown are due only to the hydrogen nucleus in the molecule or group

concerned.
As one would expect,
which it is directly attached—the top row of the figure shows this

SiH,, and H; between 6=0

the hydrogen i
depends markedly on the natu

data in the figure re

the position of the hydrogen resonance depends upon the atom to
for the series CHg, NH3, PH;,

and é§ = 4.2. Far more important, however, is the fact that, when

s attached directly to 2 particular atom,
re of the other substituents to that atom.

a variety of substituents; W

e.g. carbon, its resonance position
Most of the remaining
¢ may note that, in the

late to a CH group with

‘ ::z"" 7.11 Showing the &%
Olecules and groups-
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CH—N (2-4 p.pm), and CH= 0 3-5 5 0

p.m.), ‘ i
at around 1p-P ativity of the substituent progressively W”I“"'ilw‘ i

seties 'CH—C(

: ing electroneg ] -~ : 8 eleg
evident that the InCesats 4 of the hydrogen, thus reducing the shielding of e -
trons from the neighbourho0Q..©. 4 (and hi ticleyg?

onate at _lower ﬂeld_.ﬂﬂil,_hiﬁhcr d number). A double- op “"lﬂL‘-h(m'

R - es ) . . s (le i
allowing. 1t to res . » have already mentioned the strong ducpes
and allowir ar but smaller effect. We g (lehlcltlin

ituent has a simil e Nk 8 it & PRSSTAE T
*‘SUbsmuem d by electron circulation 1n an aromatic .rmg and we note here that (he FeSOnane
CffCCt'pmdw:te n f):;lls at around 7-8 p.p.m. The very wide range of observed resonances o, ()L}:
of a ring proto
h()ndin

OH groups occurs because the proton shielding is much affected by hydrogen,

?n?h(e::: grougps SI:) solvent, concentration, and even temperature changes can prodyce Markeg
in , ’

d1ffe11;e.nce: [,nltlhzlﬁ‘oi‘s’a(l:ﬁ;'a very small part of the huge mass .()l' n.m.r. -(lillil available Much
more llgl:; be found in the very detailed tal?les and charts given in spcc‘mllxcd lc"(lf\".‘sud] as that
by Williams and Fleming listed in the bibllography at .t‘hc C"_d' of “ h‘{ leplc‘r. Suffice it here to |
say that, combining detailed knowledge of chemical shift positions with the tucl' that the areq of
each resonance in the spectrum is proportional to the number of hydrogen n uclei contributing (g
that resonance, we see that n.m.r. is an excellent technique fgr both q uanlllzu.ivc and qualitative
group analysis in organic chemistry. After the following sections, where we discuss the phenom. |
enon of energy coupling between nuclei, we shall see that the usefulness of n.m.r. extends further -
to the determination of the structure and configuration of molecules.

\J'.‘f:Z The Coupling Constant

Suppose that two hydrogen nuclei in different parts of a solid, e.g. a crystal lattice, are suffi-
ciently close together in space that they exert an appreciable magnetic effect on each other—in
n.m.r. terms ‘appreciable’ means 0.01 pT or more. We show such a case in Fig. 7.12 for two
nuclei labelled 4 and X. Here we ignore the spin direction of X since this is immaterial for the
moment, but we show the two possible directions of the z component of A4’s spin, either in the
field direction (conventionally ‘up’) or opposed to that direction (‘down’). The lines of force |
originating from 4, considered as a simple bar magnet, are seen to oppose the applied field at X
w_hen -A is up and to reinforce it when 4 is down. Remembering (Sec. 7.1.3) that the two 4
directions are virtually equally likely, we see that nucleus X will find itself in an applied field
By + B4 or in By — B4 with equal probability, where B, is the field at X due to nucleus 4.
Clearly this will result in the X nuclei of a sample showing two different resonance positions in
the spectrum—the X signal will be a doublet—separated, on a tesla scale, by 2B,. If we oV
include X’s spin in the argument, it is obvious that the effect of X on A is precisely the same &
that of 4 on X, so thg A_signal will be split into an identical doublet. .
beingl:)i“ f;ete::d:: ltgl_i g‘r\xz nS}:Ln-spinl interaction, or coupling, is large for hydﬁogc(;ig_‘;f;ett
s, S 1 the nuclei ar.eAO.l nm apart, anq s Qf practtgal use in s .
pe measuring with some precision the interatomic distances in compouncs

Lk WI;cn ll(;]llld o gascous samples are considered, however, this direct spin-coupling m"cr::;:;
1S found not to apply because random molecular motions within the sample (molee r
tumbling) continually chang d

. S e the orientation of t | ithin the applicd b
example, if we imagine the 4x ‘molecule’ of Fighél TZ(;Le)Cl::)esb:v I::::ted thr%ugh 90° 'n-,t,c:
ﬁllane of 1the paper (remember that the nuclear spins.will not rotate with the molecul® Slw'
thcy Ell:' ocked into the field direction), nucleus y will sit vertically above of beloec il
us be.in a position where the field dye 0 A reinforces the applied field Bo—th! |

opposite situation from that previous| ' : tagration
Yy consid r integ the
effect of 4 on X at all possible orienta TAPulL 93 bs ahgun by prope ag”

i er
: tions that i : molecule 8V¢F j py
coupling exactly to zero—all situatio ERBEnued fotation of the . ot balanc®

ns in whi infil re just
all those where it diminishes that field. ¥Oish, A sinforcon the field st X ot
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(a)

Figure 7.12 The direct coupling of nuclear s

pins. In (q)
(b) the field at X is increased.

the spin of 4 decreases the net magnetic field at X, while in

Nonetheless, the n.m.r. spectra of liquids do show the phenomonen of coupling but the
effect is very much smaller (by a factor of 102—104

: tactory than that observed for direct coupling in
solids); clearly a different mech‘amsm 1s Involved. Consider first Fig. 7.13(a) which shows two

at the electrons, which occupy the same
orbital, will have their spins opposed also, and so we see that the most stable state will be that in

which the nucleus—electron—electron—nucleus spins alternate as shown in the figure.
Consequently, the spins of 4 and X will preferentially be paired. This is similar to the situation

@ (a)
o

d
@ ¥ ) directly bonded atoms and (b) atoms boun
i

: o electrons for (4
Figure 713 The coupling of nuclear spins vid bonding €
® 2 third atom having no spin.
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found for the ‘across-spac

§ i ween ke : S ' .
e wutPl:]ngtlt:zcltt the above argument 18 not intended to be rigorous; We are
Note carefully

) in the paired state, simp| N0t gav:
;o mutably fixed 1n t Ply that Yin
that the spins of 4 and X are 1mslightly lower in energy than the paralle| confy ihe Daireg
5 jons 1| and |1 are Very 57 -32 J) that both confipyras:.. SUratig
configurations T/ difference is so minute (some 10 ) IgUrationg o ns 1
iffe . P :
gnd l,l' Theuernt?ﬁz effect which this has on the spec;]rum l:sShoon“c/ili]nbyt Fig. 7.14. At Fj 'e.,q:‘ﬂlly
e rev levels of the AX system, eac corresp Ng 10 one of the o 4(0)
we show the four eneT%y 11 1| and |1; a convenient notation for these SPIn sty Dossuble
: inations, 1, [ g . ; es i
i co?iltg:attle diagram, whereby each ‘up spin 1s dCSlgn(;Fed (g and each dowp’ Spi:ls v
?tllqslca;it of the diagram we imagine there to cenG CANPIE f}ilt'ween 4 and y. encf' h
selarF;tion between levels aa and af, Cprrespondl_rlg t}? . S?lr} change of X o) > 18 jugy K
regonance energy of X, and this 1s clearly identical \.Nlth the separation between levels g, nd the
Similarly, the sebarations aa—Pa and aﬁ—ﬁ_ﬁ are identical and give the resonance energy orﬁﬁ'
Transitio;ls between the various levels give rise to tWo spectral lines, one at each of the chep, C:l
shift positions of 4 and of X, desinated v4 and vy. 43
When coupling occurs we know that the levels ac and 33 are destabilized, apqg
Ba are stabilized; this is shown in Fig. 7_-14([_7)’ where the amount of the Cnergy change i
symbolized as J/4—the convenience of thl‘S will become ;lear shortly. Now the WO posgie
X transitions have different energies: there 18 aa < a@ which is snlialler than in Fig. 7.14(a) b
% J, and Ba < (30, higher by %J; hence one spef:tra} line appears 5./ above. Vx and another | f
below, the separation between these two lines belqg just J (hence the cqr}venner}ce of defining the
stabilization and destabilization as J/4 above). Similarly, the 4 transitions will be split int 4
identical doublet. The ‘legs’ of the doublet will be the same intensity since (1) all Spin states are

Tl ders of magnitude smal
} t 1is several or Smaller. h
er,

the nuclel.

that o5 4

~‘~_‘~

= - - - >
R [\l[\___]\l]\ ”
Vx VA vy Va VB

¢
\/ F k) : ),,d 01
" o re no 2 R ¢
gure 7.14 To illustrate the effect of coupling between two nuclei. At (a) CO_“P"'“Ee ':(;gl red with the ‘
taken to be small compared with the chemical shift, and at (¢) the coupling is larg
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vlf‘“a“ petween any

and (2) detailed calcu
levels are identica| T
=h pair separated by the coupli

lation sho
hus we ar::elzs ta;h;;mbabilities of transitions
tS, . g . Ng const; SPectrum: a paj )
dou"l‘ 4 by the Chc'r:li?l shift dlffeyence A. Sinc;‘r,n.l SJ and the midpoints of tiilrdgilh. :
P it s ?onvemhn ?Idexpressefi In hertz rather tha observed to be 3 field-indepe dets
@ i point we shou emphasme that Fig. 7.14 i bn N parts per million like & pendent
o botb e n(;lfd:llx’c;hin ) Figure 7.14(q) the trar?sirtli(z)mela ns drawn to scale. If 4 and x
ergl uclei ; ns

ot 21 gﬂa on the other hest )l 3 25T field, e abelled X and 4 represent the

n off an . other hand, Irepresents the c}] . Some 100 MHz. The separation

In quantum i
the same symmetry, as are a3 and fq, tend to repel each other i;‘:ﬁzhabmcs that energy levels of
o different symmetry, like aa and 438, are not affe Y e

as shown '
qmount O, on the diagram, then clearly both X transitions are decreased in energy by

0, while both A transitions are increased by the same amo '
e o b - unt. The result is to push the spectral

espective doublets. Actually in the figure we have rembellare: no longer at the midpoints of their

tiv : ed the nuclei 4 and Binstead of 4 a
' . : nd
Y: this 18 conventional notation in n.m.r. spectroscopy, where letters close together in the

alphabet are used to indicate nuclei whose chemical shift difference is small, and vice versa

One further effect of 4 small chemical shift difference is illustrated in l,7ig. 7.14(c); this; is
that, .a.lthough the.: pf)pulatlons of the levels are unaffected by the perturbation Q, the relative
transition probabilities are very much affected, and detailed calculations show that the result is
for the centre lines of the 4B spectrum to gain intensity at the expense of the outer. In the limit
when the chemical shift difference becomes zero (A4, system instead of AB, since 4 and B
b_coome identical), the centre lines coalesce into one and the outer lines have vanishing inten-
sity. Thus although coupling between the 4> nuclei certainly exists, its effect is not observable in
dspectrum. A typical 4B spectrum is illustrated in Fig. 7.15 where it is evident that A (measured
In hertz) is about ten times J. ;

Let us now return to Fig. 7.13(b). This shows the coupling of hydrogen nuclei \\{hich are
tach attached to a third non-spinning nucleus, such as carbon; an example of this situation is the
methylene fragment — CH,. Now the chain of reasoning runs as follows: the spins of 4 and (a)
A€ paired, as are those of (@) and (c1), since both of the latter occupy the same orbital; (¢1) an?
©) have parallel spins, however, since they occupy degenerate orbitals in the same atom _(C(i

_und’s principle, Sec. 5.3.1); finally, (b) and (cz) are paired apd nuclegs B has its splgl Psa?:at
¥ith electron (b). We see that the lowest energy state, according to_thxs electronl_ﬁalcb:lstam
ein the spins of 4 and B are parallel, not paired. ‘l.n this sntuatnon.the cc::::) slhswn 'm Fig,.

74183:(is defined to be negative, whereas it is defined positive for the previous

a),
Similar arguments to the above indicate thatf{) ;Sr
€Xample H — C — C — H) and negalive via four,
;?: Predominant contributor to the coupling; 10 S:S:: r?:;e[l;]esc;omc important. HOWELE" 2
< Containing maultiple bonds). other €eSTOR Tl i increasing PO B, b T the
o Situde of the coupling constant attenuates rt tﬁ: spectrum of HD) is some 240 2.

2 the coupling (measured indirectly from

again positive for coupling via three bonds

etc., provided this type of electron path is

(f
.or particularly unsaturated ones
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Figure 7.15 Part of the n.m.r. spectrum of ethyl cinnamate, C4HsCH — CH.COOC,Hs, showing the typical 4B
pattern of the olefinic hydrogens. The resonances in the centre are due to the phenyl group; the ethyl resonance is of
the scale to the right. (Thanks are due to Mr A. Taylor of the University of York for this spectrum.)

H—C—H fragment (e.g. in methane) it is some 12 Hz, for H—C—C—H (e.g. in ethanol,
CH;CH,0H) it is 7Hz and for H—C—C—C—H it is on the present limit of measurement,
0.5Hz or less. However, in unsaturated molecules, in which electrons occupy orbitals extending
over more than two nuclei and are thus more mobile, the couplings are somewhat larger and
have been observed over more than four bonds.

It is not usually easy to determine the sign of a coupling constant experimentally, but where
such data exist they are often in good agreement with the alternation theory outlined above

generally good agreement with experimental values.

\{3 Coupling between Several Nuclei

, using the ethy] fragment, CH,CH,, as our example. |
e three hydrggens of the methyl (CH;) group have the Sa.
C;1nds are identical and the shielding at each of the nUc}el g

chemically equivalen: I h o nuclet 0
methylene (—CH,— ) groy ; cent. In the same way the two ¥
differerit tom thatzof thegmet}l)]ya;re chemically quivalent but their chemical shift is, of cOuf

group in this fragment dh nucle,_. Further, there is some freedom of rotation of the me -1
OB and hence the Interaction between the methyl and methylene nuclet!
ame value—the coupling constant is the same between any methyl and a
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drogen. The nuclej ip

the methy) :
o sically equivalent as wel] a5 7" BIoup (o h

hemica]jy " ‘
7 QUE\/Q’]\ t are s
”'agjhfl’gcatiOH of the overall Spectrum because the (‘mtn[\. his Property - said to be
Simpica”y equivalent nuclei do no, affect the uplings yig:
m
che

- pc”(‘frum ;
S earlier. In the present Cxample, this me
wthyl hydrogens themselves, or between the two
¢ the coupling between a methyl ang met
Onlyl as explained above, the System has jy¢
pal, n methyl and methylene is large, the,
betwe:s and X a CH; nucleus) with
:Vhen considering the spectry,
struct an energy-level diagram
con ram is complex, however, anq ;
gﬁlgcd e ‘fan?il)’ tree’ method: in th ped nuclej i '
Pl ifl Fig. 7_16(-a) we start by lmqgining the 4; ang X3 groups to be urclgglsll
g rise to one line each Of Intensity 3 and 2 units, respectively, W-hen we |
couple to just one of the X, pair, the Ay line is split into a doublet. separatio

having intensity 1 % units. If NOW each leg of thi doublet js considered to couple with the second
¥ nucleus, each will be §pht Into a doublet, Separation J . intensity 3 unit. However, the inner
line of each doublet wil] overlap, because the coupling is identica] for both, so tile overall
spectrum will have thg appearance of a tripjer. intensity of each line $ 13 3Ge a2
triplet) with the coupling J appearing twice in the spectrum.

The splitting of X, by coupling with 4, proceeds similar]

doublet, to the second a !: | . 3 triplet, and to the third 4

quartet) with the coupling constant J repeated three times.

This argument is very readily generalized: a group of p equivalent nuclej splits a neighbour-
Ing group into p + 1 lines with intensities given by the pth line of Pascal’s triangle:

hylene Nucleys.
tone y value tq
We have 4 System 4
a Coupling Constant Jax.
m resulting from ap A%X«, System it j
analogoys t, that of Fig? 7.1\4 rfr(]yrntt:z

t. 18 much simpler t, Use another approa
18, Coupling between grou

n[lCl

quite possible to
AX case. Such 3

y. Coupling to one 4 yieldsa 1 : |
i°3:3:1 quartet (le.al:3:3:]

=y 1 1
p=2 1 2 1
p=3 1 3 3 1
p=4 1 4 6 ted 1

0 its right and left in the line
e h is obtained by summing the two numbers to its g
. “T¢ each entry is obta

i Ay resonance into
z roup split the A; :
Mmediately above. Thus the two nuclei of the :;20 §+1=4lines by the A3 nuclei.

o8 it i — CH,CH;
- ; e is itself split 1 - e for the C i
" lines, while the X reSona?(*,cdicts a quartet and tnpl;:tt:;:u:;l:;ree. Comparison with
Spe e e method thtlcl)staF;intensity of two units, the la
“irum, the former having a

u fed { CII3C112011 a he 100 Of I g / 6 hOWS ha thiS prediction iS amply
t st be S[ICSSC(l ll(t)WtCVC t l ; l .S l Shl;t s;parationlof the CH3 Zﬂd
- rest It that lf thC chemlca ) . l - ; -
J Stl | | I , (' l (0] 3= lt’ tltl;cnt on th CH3CH2 gl'O\lp,
| 12 ' 1 t entt or by changing thC nature f the subs €

c 1ns rum

& the observed
mation to
- orer approxi
cessively po lines ar
mes a SuC_ 6 the inner lin
" the family tree method beco ig. 7.1

lightly
e seen to have a s .
' h the
io. 7.14), even thoug
um O ttern of Fig.
o § ety inithe A3th5tl(>)€ (t:;lre outer (cf. ﬂ;-engfoﬁ:tant. At
Anceq Intensity with respec 1

; my h h u smaller shifts not on\y 18 thf:
| ! i e uite inexplicab\e with tk
c d . 20 o ec’ begin tO appear, q

| te s e ton Sd bfu additional lines beg

Sity iStortiOn increase
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I :

OH TCH; CH,

M:/.w (a) A theoretical 43X, spectrum and (b) the actual spectrum of ethanol, CH;CH,OH.

smctsr(:ge gitvl::enr tgplfﬁl coupllng.patttcrns are shown in Fig. 7.17. In Fig. 7.17(a) we sce an 4%
different chcmicalysh'f: SubStange cyanhydrin, CNCH,CH,OH. The methylene groups b
E 21. s apd SO 1t.1s.to be expected that coupling between them will split €8

al:2:1triplet; this is to be observed in the spectrum. Other chemical structé

giving rise to simj

ratcdgheterozys(l;glél:;sisricstrsal gatte;ns are 1,2-disubstituted benzenes, or f'1ve-membere<i1 “n;
; uch as - ther ¥

complicated owing to additional cgran, although in such molecules the spectra are f )

show an 4, x Spectrum arising fro \Plings which arise between the nuclc. 17 Flgli s{X me

hydrogens are equi m an isopropy| CH—. In this 2 ,
quivalent and h . OPY! group, (CH,), SR tet, W
they themselves are split into g df)r:lce they split the lone methylene hydrogen mtoli)ll ::?ogn'

even if the two outer lines of the sblet by the single nucleus. Such a pattern is easl

] ctert
€ptet are too weak to be observed, and is very gt

Scanned with CamScanner



NTALS =5

228 punpAM®
11;
tv:;.
|
|
| !
| i
i\
|
(] L/H‘
AL 72 i 68
T i 7.4
8.‘0 78 i p.p-m.

()

Figure 7.17 (c) Part of the

he reson
ens only are shown, the
:}' ?Irl‘e)gUniversily of York for this spectrum.)

srum of 2-furanoic acid, QCH:CH-CH —C.COOH. Signals from the ring
Sl ce of the COOH being off-scale to the left. (Thanks are due to My 4 Tayior
an

s the spectrum of an a-furan) or it might be from g vj
similar mo‘iug}(ln_l_thl:,;::l :glzxeai??lﬁee hyf)irogen nuclei have a different chemical shift. 2
grou]ghgsilzcal i ;;atterns, like that for the CH3CH, — fragment, are considerably compl.
cated if the chemical shift between coupled nuclei is small. Usually, however,_ t‘he additional fine
structure produced and the intensity perturbations do _not prevent recqgnmon of the overall
pattern, particularly when some experience has been gained from studying actual spectra. The
tremendous analytical value of such patterns is obvious since their recognition immediately
gives information about the chemical groupings present in the molecule under examination.

We discuss this aspect of n.m.r. spectra more fully in the next section.

%mical Analysis by N.M.R. Techniques

;z;h:tg:fsgallnisc;nons we have built up a picture of the application of n.m.r. to constitutional
centres of multip;let;cisf Thusl.the.obscrvat.lon of the  values of lines in a spectrum (or o
s coupling is occurmllg) immediately indicates, with very little amblg““y’
AT gen-containing groups within the molecule, while the relative intensities of the

: eal
oup and in this way shows which groups are?

8roups such ag CHICH, - CH.CH,—, (CH3)ch/, etC.

MM.T. spectroscopy in analysis, € ositio?

edat§=8.1, 7.5, 4.4,and 13! iZepfro a

spectrum ) and ap ¢ the latter two suggesting that they 3’ the
| shows these hyl group (Csz‘-), respecti%ily. The integrd

| trace 1
o h herly
ave relatjve intensities of 5:2:3 (the ™
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3 3 thiiee
pP.p-m. 1 0

m.T. trum of ethylben
igre 7.18 The n.m.£. Spec ylbenzoate, C¢HsCO.OCH,CH,, to i
wchnique (Thanks are due to Mr A. Taylor of the University of York ;«;rt(:hlz'{vl‘ls;t:?::u:r}rl; e oF TR S L

wsonances here being summed) so we know the phenyl and ethyl to be presentina 1 : 1 ratio. If
w also know that the molecular formula of the substance is CoH 05, we idl

the resonances at § = 8.1 and 7.5 are d h T i e

that the : d /. e due to hydrogen nuclei, respectively ortho and meta/
to a carbonyl group, while those at 4.4 and 1.3 are consistent with the grouping
(HiCH,.0.CO—. The molecule is thus ethyl benzoate, C¢HsCO.0.CH,CH3.

Note that the n.m.r. spectrum, while allowing us to deduce directly the presence of phenyl
and ethyl groups, does not indicate the presence of groups not containing magnetic nuclei, in
ihis case O and CO. However, once these groups are known to be present, either by determina-
fon of the molecular formula or by observation of the infra-red spectrum, then the n.m.r.
spectrum does indicate their position in the molecule. Thus the coupling pattern shows clearly
that the CH; and CH, groups are directly bound and not, for example, joined via O or co
(CH;0.CH,— or CH;.CO.CH,—) since in these latter configurations the coupling constant

would be immeasurably small.

This very simple example serves to indicate t
lelical purposes. Of course, only in the simple
possible from the n.m.r. spectrum alone, but whe
" particular infra-red spectroscopy, 2 great deal 0
Mained about an unknown molecule.

¢ alcohol spectra shown in Figs 1.9, 7.16,

aSpCCt Of th ‘s shown as a singlc line

__ OH hydrogen 15 ila
ce of the ~ +ouring CHi H,, or CH .nuclel aﬂt
th neighbo vely. The reason it does no

he method of approach when using n.m.r. for
st cases is @ complete structural determin_anon
n taken in conjunction with other techniques,
f useful structural information can usually be

L]

b
15 Exchange Phenomena

Th
‘ﬂ; :tUdcr.u may have been puzzled by one
17; in these three spectra the resonan

1625 we m; it to be coupled Wi

¢ hay, lg}.“ now expect it {0 t? let, O | exchanged with other

0. € multiplet structure—quartet, P | hydrogen ! Y drogen does not
UPle is attributable to the fact that th hydroxy replacement hydros

. i : ens, : change occurs
Ogep nuclei or ions in its vicinitys when this };‘;:8 displace if the exchang
fily have the same spin direction as that
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i lectron Iggwggng\tic resonance (e.p.r.).

Substances with unpaired e!ectrons may either arise naturally or be produced artifici
e Tirst class come the three simple molecules, NO, O,, and NO,, and the ; artificially. In
setals and their complexes, for example Fe’ ™, [Fe(CN)qJ, etc. Thi:,se 2 t:nlCOCI;SaOf ttratt:lsmon
asily studied by €.s.T. Unstable paramagnetic materials, usually called free radicarles So? r;d?zljl
ons, may be formed either as intermediates in a chemical reaction or by irradiation of a ‘normal’
nolecule with ultra-violet or X-ray radiation or with a beam of nuclear particles. Provided the
ifetimes of such radicals are greater than about 10 s they may be studied by e.s.r. methods;
secies short-lived at room temperature may also be studied if they are produced at a low
emperature, either in the solid state or trapped in a solid ‘matrix’ of a host material such as
asolid inert gas. This is called matrix isolation and increases the lifetime of the trapped radical.
Obviously, while there are many and various-substances to which e.s.r. can be applied, the
rquirement for an unpaired electron means that the technique is generally less applicable
than n.m.r.

When unpaired electrons exist in a substance their spins are all
absence of a f}':eld. When placed in a magnetic field, however, 'theiy wle eac: élea\:i ;ugtrifec:)r;zci
d‘?“‘i"n and, since the spin quantum number of an electron 18 3 ezgs rcaspectroscopy essen-
Pinning either clockwise or anticlockwise about the ﬁel;l dlrj;tlggéd : 1.ec.tron.

i, Measures the energy required to reverse the Spmd(-) ansionpof o s.r. spectra has been dealt
It V_lrtually a.ll the;theory Whic.h weshall need l/nlt?: p;srct;izsularly relevant here, since it COlZletrS
. In preceding sections of this chgptef; Sec. /-1 teraction with an applied magnetic field t0
' Matters as the electron’s magnetic moment, 1ts 111

cession, and relaxation
i ' s, the Larmor pre iy
E , 3 i pop“latlons Ao le(;l:s of some quantities, the whole of Sec

: ' 2, such as
5 In fact, with the exception of the magntl spectroscopy: Parts of See-.12
e, orried straight over into the discussion of €:s-I- 5P
“Marks regarding spin-spin coupling, are altsg < of the s
g, - ™ all forms of spectroscopy, four BIODEE, <20 &
g, CISity, width, position, and multiplet stru t
s . 4 ! & 1 r g
ht-e final pair merit separate sections: tjonal to the 099,ic»%wf;‘*””“f5‘f”'é‘§tnmatlng the
iy of an o absorb T proporL e aly & 1o
a . LY ]
-~ Magnetic material present. Thus we

e aligned at random in.the

£
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i aordinarily sensitive, in favas..
adical present; the method is €X1rz Ourable aseg
f free T - ctable.
amount o . diCal being dete " nda BE 5 v e
: a I n.m on the »
10~ "3 mol of fre? . e.s.r. resonance depends, as in the case 0 ¢ relaxatio
: S : QX¢ YCE S, the sp -
iy i Oda:study Of the two possible reldXdltlm; lprt‘ cesse 5 N€ Spin-spip Ntergey g
; nde - : y dilute, and gives i
the spin state l;‘ﬁcient unless the sample is extreme . w o ! relaxatioy o O
e ] p ' ~ g room -mperature 4
usually vgery in-lattice relaxation 1S efficient a : 1 riperature (some 10-6
]O._(y__lO” S, the 'Sp at reduced temperalurC\', often becoming several min
becomes progressively T "

d nitrogen. For most samples, then, we could choose 10-7

l] ul ; vort: e on of as ¢ ]
temper'awrtci:n;)efar?d using this in the Heisenberg urilur[dlxr;‘}'\l § |A\” i“ o oa- (.1 ), we Calcy] d
rel;lxatlg::cy uncertainty (line width) of (2mo1) == | MHz. A shorter relaxatiop time 3
a frequ ;

: '« width. and 10 MHz is not uncommon. Clearly rhn~ 1S @ much wider Spectra| |3
increase this wi f’ m.r.. where we found a normal line width for a liquid to be Some () .
than 1n thg case (; rn.lm'c; have advantages and disadvantages. On the credit side, the h(l)
Iheot?,:::;;biiéd m;gnetic field i§ far less critical u’nd thr?‘ for n m. r., itis essentig] tom
geneity o field Hofmogenéous to 1 in 10® over the sample, for e.sr. a figure of | in 108
:dr;aug;z;lthis represents a considerable easing of manuf‘n’L:turmg‘ m}lc‘r;mcca On the debjt si
however, broad-lined e.s.r. spectra mask any effects cqmml‘cnt to “L, n.m.r. chemical shift.
addition, a broad line is more difficult to observe and measure than a \‘}‘:urP.OnC and, for thy
reason, e.s.r. spectrometers nearly always operate in the derivative mode (see Chapter |, Sec 1.

and Fig. 1.11).

7’52 The Position of E.S.R. Absorptions; the g Factor

We know from Sec. 7.1.2 that the spin energy levels of an electron are separated in an applied
magnetic field, By, by an amount:

AE _ gBBq
#h h

where /3 is the Bohr magneton (9.273 x 10-*JT~!) and g the Landé splitting factor. A reso
nance absorption will thus occur at a frequency v = AE/hHz. From Eq. (7.16) we see that th
position of absorption varies directly with the applied field and, since different e.s.r. spectro:
meters operate at different fields, it is far more convenient to refer to the absorption in terms o
its observed g value. Thus, rearranging Eq. (7.16) we have:

SN el SN ?

Hz (7.16)

(7.17)
and if, for example, resonance were observed at 0.34 MHz in a field of 9506.690 T, it would B¢
reported as resonance at a g value of 2.0023. This very precise figure is the g factor for a fre
Sztct};o_n (rather than the slightly approximate value of two given by putting L = 0in Eq. (5.28 :
whic'hli:r;tfsm:rllcable fact that virtually all free radicals and some ionic crystals have a g,fa‘;t'
radicals the e] Ny some +0.003 from this value. The reason for this is essentially that I

, €ctron can move about more or less freely over an orbital encompassing the who .

molecule (as we shall see j |
' B ' it 1 - i wedl
JUst two of the atoms Sl section) and it is not confined to a localized orbital betWee

- ; n the . ; g as ar
clectron in fre space, havinrgnzle_cuole' In this sense it behaves in very much the same Way 5
Some joni¢ TPk

5 st ol
gzand 80 haVicry als, on the other h:fmd, have very different g factors, values b'etwcen'a .;
v ¥1~" qr,)kk)ngs, ;to,’ . ,

arti ’ X .
-alize -m'apﬁ:rgzzr atom in the lattice, usually a transition metal 100 entll
L cuiar orbital about the atom, and the orbital angular mo™ ‘
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couples coherently with the Spin angul
e
valu
(17 q (5’28)' any 10nic crystals show
Wi onetheless, many e oW agf
N me about in two ways:

Al momentum, giving rise to a g value consistent

actor very close to the free electron value of 2:
o
[his may C

he ion contributing the electron my
The

_ =LEQ! Y eXist in an § State (that is [ —
; B leofEe’t, in which five g electrons e o ‘( '1sI.L = 0)5. For example, the
round St Thus 7 Paired (thatis § =3 2g + 1 = 6), has
rbital momentum. Thus [, — () J=S+L-g . -
2610 © : S L O, and the term ¢
Chapter 5)- Since J =S, g =2 (Eq. (5.28)).

The electric fields set up by all the 1ons
2. electron’s orbital momentum frop, its spin Mome

coupling breaks down and, on the application of ,
precesses independently about the field direction Th

ymbol is 655/2 (cf.
‘N a crystal may be sufficiently stron
Dum—i.e. coherent Russell-Saunders
magnetic field, the electron spin vector

alue of [ is immaterial and the g
al crystal field is weak or if the
d from the fielg (e.g. as i

g 10 uncouple the

the €nergy giving rise to
theoretically.

153 The Hyperfine Structure of E.S.R. Absor

Ines.r. spectra we must distin
structure, which occurs only in
hyperfine structure— a smaller effe
nucleus with non-zero spin. We s
our discussion of fine structure.

It is the interaction of the magnetic moment of the unpaired electron with those of any
surrounding nuclej having non-zero spin which gives rise to hyperfine structure. This coupling is
eXactly analogous to the counl; '

ussed in Sec. 7.2.2 earlier—indeed,
the bulk of that discussion and Fig. 7.12 apply exactly to the electron—nucleus coupling if we
abel the nucleus as 4 and

the electron X. For simplicity we shall limit our treatment here to
uclei of spin 3 which will split electron resonances into doublets. If more than one nucleus can
lqteract with a given elec

tron, the result can be predicted using the ‘family tree’ method

discussed ip '
ec. 7.2.3 and Fig. 7.16. _ £
_ lectr0n~nucleus coupling constants are very much bigger than those for }r:ucleu; ::gi;\;i
lnterElCtions;, firstly because an electron can approach g nuclgus more ciosc?ly t lan C; T
Mcleus apng secondly because the electron’s magnetic dipole is some 1000 times arlg e rgiite
ofa ucleus. Thus in the hydrogen atom the electron resonance shows tw'I(‘) gquanvalent 1
Paration, of about 0.05 Tesla. We have seen that a bulk f'le:ld,of i 150:;110“5 coupling
fequency of about 9500 MHz,-so 0.05T is some 1400 MHz, \:{hlch 1S an en
“Mpareq to the largest nucleus-nucleus coupllf}g of al?out R ling constants are of order
o Most organic molecules with an unpaired spin the coupl %om because an unpaired
10\4“‘10“3 tesla (2-20 MHz); these are smaller than in the hydroge?dam even to one bond, but
flectron In a molecule is never confined to just one nucleus andl 7 a(;t of its time at any one
: Move gyer several bonds with relative ease, :P‘;“dms ;213:'0‘: In the hydrogen atom the
Ucleyg is is in terms of electro :
; at this is in

flecy, Another way to look

1S 1 nd nowhere else. To a
ensity of the unpaired electron is |—the electron is in the atom a

Ptions (Electron—Nucleus Coupling)
guish between two kinds of i
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on the magnitude of the coupling constant is directly related
to the
elect 3
o

good approximati
n write:

density, and we ¢d
A=Rp i
(7'1,

A is the coupling constant, p the electron density, and R the intrins;i
1 and 4, W€ have seen, is 0.05T;thus R=0 OSHTS‘C Coupling fo, _
trum of the methyl radical, *CHs. Remer'nber' Figure 7.2¢ sk g
_ : ntre of egch peak should be measured at that, since thiso- ,
slope is zero, 1.¢. where the downward-sloping line crosses the x axis. H the point whe -
maximum of each point above the x axis is a good approximation to' thowever'_ the height ¢ th
non-derivative, line in the spectrum, and it is clear that Fig. 7.26 € intensity of the nooft
quartet. Intuitively we would expect the electron to spend an.e 'u lalrlses from a 1.3 'rm
hy.drogen (the electron density at each should be identical), and s qual amount of time’o E
this would result in the electron’s resonance being split in’to al (.);0 couple equally to alln cag
the family tree in the top part of the figure. Clearly the *CH :3:3:1 quartet, as sh threg
exactly to this pattern. The separation between the li 3 spectrum below co own by
5 3 millitesla (mT), and so we can use Eq. (7 ines—the coupling—is found rrespong;
q. (7.18) to calculate p = A4/R =0 002;/0%) be abg
: 05 = 0.046

Thus we have the electron density at eac

where
density. For hydrogen, £ =

at the bottom, the e.s.r. spec
derivative spectrum, the actual ce

gure 7.26 The
: €sr
->I. Spectrum of
the meth
yl radic C
al. 'lJo and [he ‘i lly tree’ Of I h h ()d ¥ry it
i ee’ of couplings which PT uce It
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igon spcnds nearly 5 per cent of its
elec r cent on the carbon.
(W 6~ 86 pe .
more complex example is shown in Fig. 727 wh:
: . C«Hg. Here w . .-=!> Which
Asll ne radlcal, 6L16- €seca Septet of 1

> . ines, indicat; ;
fie coupling copstant 18 0.38mT, and W;Caté:lg e(llual coupling to all six
0-3. There are six hydrogens with thjs electron dencs‘ilt;tempk_= 0.38 x 1073/
, ma
Clearly the remainin ol

time at e,
each hydrogen angd the remaining

ilustrates the €.8.I. spectrum

.. i 3 are only two different
[ ”, hydrogen——th? positions are nur}lbered In the conventional sense in the molecular
¢ drawn in the diagram. A moment’s thought will make it clear

that hydrogens 1, 4, §,
pltﬂ e D cquwalent set, as are hydrogens 2, 3, 6, and 7. The electr ,

. on couples to the latter
ith A= 1.83 x 107*T and, since there are four hydrogens,

nee the pattern will be a
0:?6 .4 1 pentet. One such pentet is picked out on the left of the diagram. Because of the

roup of four hydrogens (4\= 4.95 x 107*T), this pentet will itself be split into a
othef' 65 4: 1 pentet; finding these in the spectrum is left as an exercise for the student, but
o .e of one other pentet has been picked out on the diagram to help. The assignment of the
lhcoeﬂtlro_rr coupling to the 2, 3, 6, and 7 hydrogens is not made arbitrarily, of course. It can
183 X fed by substituting one or more of the hydrogens with a non-spinning nucleus (e.g. a
g up), or with a deuterium atom (which has a smaller coupling constant to the electron
nethy! grftf Fs ’different magnetic moment), and noting how the spectrum changes.
becaUS(?O l of e.s.r. techniques allows us to build up a qualitative picture of the' electron
djst,m:i:;ewithit.l .a'molecule which may help, for instance, in understanding chemical reac-

l .
eec r ’

i i ly for
. quntitative agreement with the predictions of the molecular orbital theory, particularly

| th | . y . ] . ] . F .

rar

A W}Iri!wood of the _Uniggrsit_r
r A :

i 5
cal, -

of Yo,;z 21 The es.r. spectrum of the benzené radi |

Jor this spectrum) -
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