- .
.//P__ nuclei carry a charge. In some nuclei, this ch

Theory of NMR spectroscopy
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. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

arge spins on the nuclear axis. A magnetic field is
and the associated charge and is given as

generated along the axis because of this spin

p=[1(141)]"? h/2n

R

Swhere 1 is the nuclear spin number of a nucleys which is obtained L

by combining the spins of protons
and neutrops, each of magnitude Y. Each nucleus, being composed of different numbers of protons
and neutrons, will have its own total spin value. With reg

Apppp—

ard to spin quantum numbers of nuclei, the
tollowing table can be considered.

No. of protons  No. of neutrons

\ i ok he spin statey of protons are degenerate. As
mal magnetic field, the energies'pf th .

.__n __.muo"__‘“,mm:%%vﬂ_““mx%_ the ::nw—acm. the spin states lose their mama_._on.ow and become separated by an

W ”__n:ns,mw difference (AE), which is a function of the strength of applied field.

) Now an alternating radio frequency (rf) is applied at right angles to the constant magnetic field. If the
{' No ¢ ¢

. . . . _Q
‘ uenc C_ —_ ra iati t O € precession Om- —.TO 3&@50:0 ::O_ﬂ_.—m arc _mﬂﬂn_ﬂur _.__ﬁ< wou

| _6A— % d A—_M:—C: E:G ~:N w.:_ ﬁ (4 St ; ! _

A —u in resonance :Xu: —TG _M—&mwﬁoz 20:—& g SO ( n—a _ S “v |l

c n a . N w—v _Uﬂa U € nucieu Q:Q it _—_ S :C:_ : e 1ow

cnergy spin state to the high energy state. The frequency of the radiation can be given as
AE = hv = pufnH/I
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. ; i nt of the proton
L X i frequency of radiation, p is the magnetic mome
Spin no., I Examples where h _m__._go__n s nozmﬂw_””.o“ is the frequency
. | N nuclear mag . .
Even Even o0 c? Q" s# m_a,b ) _m,,,p/_o . e ing the protons to a powerful magnetic field. The protons
, Thus, the NMR technique consists in exposing the proto ine. protons wille stéadily
Qdd Even 112,372 HY F pY, gl g vl : cies. Now, we irradiate these precessing protons
) < » S P BY Br will precess at different @S:S s 8 nvenient to keep the radio frequency constant and the
Even 0dd 12, 32 ch j\ : | changingrf :3..5:98&_”_5 WMMMM W, ”smoao values of H the energy required to flip the protons
J | magnetic field is constantly varied. . ad a signal is observed.
. 0dd b : { HE, N _ | matches the energy of the radiation. Absorbance occurs and a sig
If a magnetic nucleus is placed in an external magnetic fie

. . ! Idof strength H, the nuclear. spin will lie at
an angle 0 to the field and the nucleus will precess about the axis of the field. The frequency of the

. ic fiel
All protoas do not absorb at the same applied field, but absorption depends upon the magnetic field a
precession of the given nucleus is directly proportional to the strength of the applicd ficld, H,, and is

i i i tons will require slightly
ic . Thus at a given radio frequency, different pro ) : :
vm_m _S._M”_. Em%a::mw_m_wna:%rw to Ewacno the same effective mn_.m strength which o.»:ﬂcm Wc«mmg_,%”wo?

%—_nﬂmynmw of signals at different field strengths is equal to the different sets of equivalent protons.

given by the Larmor equation,

®=2nv=yH

& o Number of signals in NMR spectrum

\ i t sets of equivalent
i i trum reveals the number of differen
-2 ! s pumbé GE sigmlsyin the ZZW. m_won ds to a set of equivalent protons. It may be noted
PN % - protons present in a molecule. Each signal corresponds
NN . that magnetically equivalent protons are chemically equivalent
N AN ) go_ 2.“=_n No. of signals Zo_oaw_o No. of signals
A , Hy CHy
1~ C l — b B}
€ 47 . zumv ° 1 Emlm:zE -
’ L
hiare . ’ ! ) CHy—CH, . CH,Br-CH,Br i ®
Where o = angular velocity, v =frequency of precession and Y = agnetogyric ratio, a constant fora - [ _ 1
given nucleus (for H, y = 26750). |

Under the influence of an app

CHy;——CH,

lied magnetic field, the

) . I~m|0|| H CHy-CHBr; - q
0 ! ks . given magnetic nucleus can take up (21+1) 0 1 - f
.::.:A er om.a_:,n?,i orientations with respect to the applied field. For example, with [ =1/2, the HC— 0——CHy '
m_aﬁ_m__n Spin states are ~1/2 and +1/2. In the low energy state the magnetic moment of the nucleus is ~ b X NeHy
enzd paraliel to :.m external magnetic field and in the high energy state the nuclear magnetic Cy 0¥ 2 F\L ?
moment is aligned anti-parallel to the external field. én
a b c 3
CHy-CH-N
P o m=-in o 3 2
I=+172 o
. — >mu:<nt—w:I: . HyC CHy
™~ a b a CH,-CH;-0-CH;-COOH
< m =+ SR 3 . 3 3
| 490 0




"

Kelaxation processes |

3 CHyCHzrOCHpCHy 9
CH3-CHy-CH,-COOH g
3 4 .
CHy-CH,-CHO ; {
4 . 3
a CHy—0—CH,
CH
L , o A
H,C—C—NH, 2 / ]
£y : | | it
/Reiaxation processes

The population distribution between the two spin states of a nucleus is given by the; Boltzmann
equation D AENT : Co | R
n ! 4
where, n, and »; are number of nucle
difference between the two states, £ is the Boltzmann constant and Tis
and IR spectroscopies, AE>>AT, znd hence most of the molecules exis
the population in the ground state is so large that no a
during absorption. But in NMR, since AE < uclei in the lower
energy state. For protons the population distribution ratio is 0.99999/1.00001 at (4692 G and at room
temperature. Nuclei in the lower energy state absorb radio frequency radiation and undergo
transitions 1o the higher energy state. Thus initial absorption of energy oceurs until equal population
in the two states is attained, then further absorpticn ceases. This phenomenon is called saturation. Bui
in practice the popul

ation excess in the ground state is maintained due to retuming of nuclei from
excited state to ground state, thereby causin

g continueus absorption. The various ‘Ways by which a
auclets retems to the ground state from the excited state without emitting radiation are kno
relaxation processes.

Spin-

i in the upper and lower energy levels, -AE is the energy

temperature in kelvin, In UY

tin a lower energy state, i.e.,
ppreciable change in.the movc_m:oz oceurs
KT, there is only slightly excess of n

Wn as

Spin or transverse relaxation occurs by
nuclei in close proximity to one another,

H+H — H +H
Although this mutual exchange of

the mutual exchange of spins by two precessing

spins shortens the lifetime of an individual nucleus in the excited
state, it does not contribute to the maintenance of the required excess of nucle

Spin-Lattice or Longitudinal relaxation
surrounding atoms cither in the same molecule or in

excess of nuclei in Jower state, which is the cond
absorption,

i in the ground state.
the transfer of the excess energy AE to the
solvent molecule. This process maintaing an
ition required for the observation of continy

involves

ous
Speetral Line Width

‘The natural width of
the excited state,
broad lincs arc of

a spectral line is inversely proportional to the avera
Thus, sharp resonance fines are obg

ge time the system spends in
served for short-lived excited states,

erved for states of extended excitation, and

h

' Chemical shifts .

i) Solids and viscous liquids usually display broad resonance lines.

i ions in the sample causes
. ) The presence of paramagnetic molecules (dissolved oxygen) or ion§ In
i) The pres ]
paramagnetic broadening.

t will
. &Eﬂo_m momen

t that has an electric qua ical charge
! . rotons attached to an elemen € of electric
) _ﬂomwsasm_oﬁ_»_rsw M_M”M_.ﬁ%o quadrupole is a measure of the =o=.%rm_._owv ﬂﬂﬁ“_a ctrical quadrupole
be broadenc lei with spin numbers greater than %2
. istributi the nucleus). Only nuc el w p s phenomenon.
4 a_w:_cw_“o“‘m nitrogen nucleus (I = 1) is the common example of this p
moments. :

. Chemical Shifts y of the

: uenc

. in the Larmor freq srons.

. freque required to attain _ The electrons,

¢ ;"In NMR %anzogoEM - aﬂ%ﬂw_ﬂwﬁn environment about n__o ::M__M__‘Mg prodicing 2

A . H n X 3

4 mwoam.msm.zco_ncm _m&. Nﬂw external magnetic field, o:.nc_wﬁo m_dc:a =m8 M“mmau_ field, so that the
:a%_.m:_o _smﬂﬂ”_nom& magnetic field, which may oppose or reinforce the
secondary or ind

_ C i i T —_ .On— wlm_mu _ —o.
# W:::&O Om.ﬁ_‘_ﬁ _G‘Q seen at n—...o nu —m_.—mw Ezu 1S Q_moﬁ ent %.HOS the mﬂﬂ: I g
" ma

4 : ivity of the
Hy=H ::QV [ L ~00ﬁ.0:mmw9<_q Y

his ”_ m is the shielding constant, which depends gn the hybridization and e

i .M.ow_.wm attached to the atom containing the proton.

: ly at 2 higher
i ill come to resonance 00! . 4 feld
har the applied field, thefi the proton wi : "If the indue

ol P mo_wmmumwwmm%&w w: this case, the proton is said to be mw_m._mww: o o applied fiel ﬂ.r
%.u__oa a.mm_o 1o lied filed, the net magnetic field felt by the nucleus _m_ m:m,: s oase, e proton is
R_M_ ”ﬂamw%%:m,wﬂ_ come & resonance at a lower applied field (down field). :
and the p
said to be deshielded.

> I i <. i i i b_._‘Ommmw_m. or
3 T mrwmm m: HTO _uOmm mOEw OW nm NUMO_‘.—UH_OUm v Z_OT arise QCO to .:;0 1

SUCH 14 ) :

. _v:z-v__m T! ﬁ_ﬂ ﬂ_mﬂﬂmo._—m are OR#_G& ﬁ\~_0==.(m_ m:—:w.

i

deshielding of

the
.1 is employed, and
aterial 1s emp
A te measurement of Hy and H, is difficult. Hence a reference materi

ceuraf

ucleus absorb
. he reference nuciey
difference between the field strengths at which the sample nucleus and the re signal for
1me v

i -ule, the
. e e - ns in a ao—ar
+ is measured. For measuring chemical shifts of various proto

" tetramethylsilane (TMS) is taken as reference.

"TMS has the following characteristics.

: Id in
; ance signal at high fie
i) It contains 12 equivalent protons [(CH3);Si} and it gives a single resonance S12n

NMR spectrum.
ii) It is miscible with almost al! organic substance.
S i Itis highly volatile and is readily removed from the sysiem.

iv) It is chemically inert.

v) It does not take part in inter molecular associations with the sample.

ical
. ed chemica
. iomal is GN_—(
The difference in the absorption position of the proton with respect to TMS sign

shift, 1t is denoted as & and defined as

5 Vsample = Vref

= x 108 ppm.  or
2 Operating frequency in MHz

e ——

it
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fter- and intra-molecular hydrogen bondings can be easily distinguished. Intra-molecular hydrogen
bonding does not show any shift in absorption due to the change either in. concentration or

temperature, i.c. the § value is temperature- and concentration- independent in the case of intra-
molecular H-bonding. R _

Spin-Spin Splitting

The interaction between the spins of the neighbouring nuclei in a molecule may cause the splitting of
the lines in the NMR spectrum. This is known as Spin-Spin coupling or spin-spin interaction.

The high resolution HNMR spectrum of ethyl bromide-shews a triplet and a quartet for ~CH, and -
CH;- protons. The fine structure in the -CHj and ~CH,- peaks arises from Spin-spin splitting, and the

f \ ié[
=

/
—

J

™S S
separation, J, between the peaks comprising the fine structure is referred to
constant.

as spin-spin coupling

The magnitude of § deperds upon the applied field strength and that of J is field independent.

The fine structure is due {o the transmittance of the ma
through the intervening bonds. A proton can have spin n
magnetic moment of the neighbouring proton ali
opposes the applied field. As a result, the

gnetic moment of the reighbouring proton
umbers +1/2 and —1/2. In the +1/2 state the
gns with the applied field while in the —1/2 state it
experimental proton comes to resonance two times.

The number of peaks in the fine structure (multiplicity) is given by

er or pe: . . the formuia (2nl+1), where n is
the number of cauivalent neighbouring nucleus and | is the spin quantum number.

m, m; \
) +312 M1 Reinforcing
Reintarcing i 1 _
+12111 1 Weakly reinforcin
Notaffecting 11, |} ¢ e _\\_\_ ’
-2 | 1 : v \_ _\_\ Weakly a.uvomm:m
Opposing il - :
-3r2 LLL Opposing

The spins of two methylene
protons intzracts in three ways
with the spins of three methyl protons

The spins of three methyl protons )
interacts in four ways with the spins
cf two methylene protons

Ihe fine structure in the methyl peak in the NMR spectrum_of ethyl bromide is due to its spin

”__“M”u_.m.r: ,:_,_:?zc::n :a_mrvo:::mEﬁ_..«‘_n:o Frotons. The two methylene protons can have

"¢ SPIN arrangements, viz., 1, 0, -1 with telative ratios 1:2:1. the m

‘ . : vz 1,0, 0s 1:2:1. As a result, th is spli

il rrangements, ; L the methyl peak is split
triplet. Similarly, the quartet nature of methylene peak is due to the fact ::ﬂ the :.wao

neighbouring methyl protons cg I { i
ouring p can have four spin values, 372, 112, =112, =312, with relative intensity

1) The relative areas in
from the Paceat friangle

a muitiplet is obtained form (he coefficients of binomial c._:i:mmc: (x+y)" or

D

i i i i ia the electrons
iii) The mutual magnetic influence between the neighbouring protons _msﬂngﬂn__:% Mmo e
in the intcrvening bonds. This coupling operates strongly Sacw _UM s
strongly through three bonds, and rather weakly through four or mo! - T
iv) Rapid intermolecular chemical exchange has a pronounced effect on spin-Sp u o .
he multiplicity of a signal

ii) Equivalent nuclei do not split each other.

v) The peak area depends upon the number of the absorbing protons and t
depends upon the number of neighbouring protons.

Coupling Constants . 4
_w..;a distance between the- céntres of the two adjacent peaks in a multip
nm__na/oo.c_u::m constant.

2) The value of the coupling constant is independent of the external field. e
3) It is measured in Hertz (Hz) or in cps (cycles per second). It is denoted by th letter J.
—J— :

L

4) The value of J remains the same whatever be the applied field. Fr el
constant one can distinguish between the two singlets and one doublet and also
doublets.

5) It can be done by simply recording the spectrum at two different radio fre

et is constant and it is

om the value of coupling
quartet from two

quencies. If the

; s onal is t.
_separation (in Hz) between the lines (value of J) does not change, the signal is a double

L . . , ignals may be’
6) If the separation between the lines increases with increasing frequency, then the signals may

-considered as twe singlets.

7) The value of J lies between 0 and 204z.
Chemical Exchange (Proton Exchange Reaction)

The phenomenon of chemical exchange can be explained by considering the nmr spectrum of
anhydrous ethanol and also the spectrum of ethanol containing smail quantities of water.

OH mwxu CHa
b
528 312 113 09O

The fine spectrum of pure ethanol shows three peaks viz., a triplet for CHy protons, an octet for -CH,
protens and a triplet for hydroxyl proton. The octet nature of methylene protons is due to the spliiting

- of the peak by the thres methyl protons into a quartet and each peak in the quartet is further into a

doublet by the hydroxyl proton. The OH proton appears as a triplet because of coupling to ~CHz-
protons. The splitting due to ~OH proton is absent in commercial samples of ethanol. In the presence

of acidic or basic impurities, the ~OH proton of a molecule is exchanged with that of another
molecule.

R=0Ot + HeQOH e RO LU0l

N
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794 : Deuterium exchange QQE_E_. coupling

2) Cl,CH - CH,Cl shows two signals
‘a) a two proton doublet = 3956

b) a one proton triplet = 5.8 8

As a result of this fast exchange, the -CH; protons do not feel the spin interaction of~OH Eoﬂ.o__. In
the spectrum of ethyl alcohol containing water, the OH signal appears as a singlet and its wo__c._m:.m,
with adjacent -CH;- does not take place. . 1o

OH CHy CHs : 1\ Shows two signals 4
. ] ,_. - A vln!g
: L roa - One proton singlet 3.05
| : : ¥ b) Five proton unsymmetrical multiplet=7.6 &
™s ; R : 763 3055 TMS
The proton exchange becomes faster as the water content is :_Qosmoa. The exchange of OH protons @ §} 4) CH;,CH,CH,0H shows four signals .
in presence of water or at high temperature or in acidic medium is so rapid that a particular proton ‘f +a) Three proton triplet = 0.9 8
does not reside on a particular oxygen atom long enough for the huclear coupling to Be-dbserved. ' | b) Two proton sexlet (- CHy) = 1.558 1\}\» l>>$ flz}l
[0 Drobserved. L ¢) Two proton triplet (CHy = 0)=3.6 S AT

Rapid chemical exchange causes spin decoupling; '

T . .. i R 1 H - = ) _ I ! iy
e proton exchange does not occur, i) If the sample is pure i) If thic spectrum is recordid ata low | b d) One proton singlet due to 0O-H=230 368 218 1558 038

temperature iii) If the sxmple is dissclved in a highly polar solvent like dim _ - f 5)CH CH,CONH, shows three signals
A e O vent like dimethyl sulphoxi [ ; el
all these no_a_:ozm, the rate o.w nmorms.mn process is slowed down and as a .Bmcv_\# Eoﬂu_%%w.ﬁ%:m_ﬂ a) Three profon trple! = 1130 . A E
have enough time to couple with the neighbouring protons. 4 g . ; ‘ b) Two proton quartet = 2398 A
. ¢) Two proton hum =7.18 ~-

.. . 4

Deuteriuin Exchange

—t
718 238 1158

If a few drops of deuterium oxide are added in the sample, the D,O th . | 6)CeHsCHO shows two signals
such as ~OH, <NH,, —-SH and also with reactive ?w o e mxo_asmﬂ with the labile protons " 1) Five proton unsymmetrical pattern = 9.25
» —SH and . ive methylene protons (those flanked by the'carbonyl * | inglet (CHO)=9.85 8 .
groups). The mechanism is similar to that of proton exchange reactions. d : 2) One proton singlet ( )=9.
s : : . y to i e : .
When a little D,0 is added to ROH, then cue to rapid exchange, ROH becomes ROD. ! _ 9258 9858 M
ROM + D,0 =—=—— ROD + HOD R a2 7) CH; — CH, — CH(Br) - COOH shows four signals
Thus, the signal for —OH proton normally observed in ROH will be missing i e oo [ 1) One proton triplet (- CHBr) = 4.2 5 ‘
3 g rotor ly observed in ¥ ! ing in the Hne : : o 1 - .
and a signal for proton in H-OD will appcar. = ,u.a e e : : :Jv._.m_.,ﬂ_momh.«%w% mw__ﬁﬂ_” Am‘u‘w_.*_bml Lo ef.llw% >>,\
Vi , i e . : . . NENR N [ ] = 4. ; ! (P }
v.:.,.u_alv. if a little D;0 is added to RCCOH, then due to rapid exchange, it becomes RCOOD. . iv) One proton singlet (- COOH) = 10.95 § (oft the WS 4zt 218 11 ™
RCOOH + D)0 ====== RCOOD + HOD .~ | scale) .
.:.M m,m.:u_ _,om the proton in RCOOH which normally appears at a negative tau valués will be missing . Geminal coupling ,
and a signal for proton eorresponding to H-OD appears instead. ; ‘
This techniaue which i . i X wh . In the case of geminal protons (protons attached on the same carbon atom having different chem
q 1 is employed for detecting the presence of OH,NH groups etc., is called : environment) of a saturated compound, the value of J depends upon the bond angle. J can have

deuterium exchange. For the deuterium exchange technique, two spectra are run.
i) One with the sample dissolved in a solvent other thar DO

%m:. w.mw of greatest magnitude (10-14 Hz) in the strain-free cyclohexanes and cyclopentanes. W
increasing angular strain the Jyn valus drops, being 8-14 Hz in cyclobutane and 4-9 Hz

,——w Mcnoi_ spectrum with the sample dissolved in the same solvent and containing a few-drops of . cyclopropane.
CU 1 \ ¢ { » H 1 . e . Al
On compar ing the two spectra, if the peak areas are seen to diminish, the sample may contain =OH, - | P L
NH,, -SH group in which deuterium cxchange is possible k 3
. ? ¢ 204
NMR spectra of simple organic compounds: H%
1) Cihy — CH; = Br Shows two signals " o = 10
a) A three protons triplet=1.65 & A od—
b) a two protons quartet=4.4 g _/l( } 100 — + = —
G T T R . 110° 120° 130

H-C-H

X%
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Vicinal coupling

o O«.?S_ Karplus correlation points out that when the bond angle is 105%J is,
early -12 cps when the bond angle increases to 109°.
value of J increases to zero. If the bond angle is wider

./ the coupling constants. A plot showing the relationshi
by is shown here.

—25 cps. ;moo:_mm
When the bond angle is widened to 125°, the

p between the values of J versus the bond angle

A few characteristics of geminal coupling constant are:

than 125°, we obserye small positive values for .

¢ between 0°and 90°:J,;c=8.5 cos® —0.28
N % N .
¢ between 90° and 180° :Jc=9.5cos’ 9—0.28

c *. an
—T _ t :mu.—_.ﬁv ﬁv een 6 m.:@ .—«._.n can Hﬁﬂnmmﬂﬂwﬂﬂ m—‘ ﬂ—:ON —(. vic 1S E‘—Q _Nﬂmﬂw Ol
The relatio etw Uﬂ a — H t r 17

mV - v .v = = _n—._mm arise.
CO —N:D_ e ._mO N:Q _O_ cls CO _B—E L O . r§O= 6 @o 5 VEI 4 wam_— OOﬂﬂv
A V B
A v € N.x_&.— wununo.—._m 1S ~WO ,N:Q —‘—050@ ;—S.n = .—Ol_w IN. — C

Long-range coupling . —
|
Jie = 2-5 Hz corresponding to 60° orientation.

For example: In cyclohexane, the @ between th

_ , diequatorial protons or for axial/equatorial protons,

1) The value of coupling constant increases with the increase in bond angle. mzmmsn_o." Jgem is —12.4 Long—range coupling ) : lei i e than thre
£ : . > : . : orbing nucle1 1s mor

cps for methane and it is +2.5 cps for ethylene. Usually no coupling is observed if the distance between the two abs g nt

ii) The increase in electronegativity of the atom or group, which withdraws sigma electrons, increases | |

; " Ha -
the value of coupling constant. Example.: Jger for CH;Cl is —10.8 cps whereas it is =9,4 epsfor CHsF 1 F 7 ™ H
| R 28 RO e
ii) The value of J decreases if electronegative substituents withdraw electrons from-the:n bonds. ! He
Example.: J gem is +2.3 cps for ethane where as it is ~3.3 cps for vinyl chloride. : : b Ha

.

iv) For mono substituted olefins, Jypns > Jois > Jeem

——: 1
: \' lent UO_._. S But E:mwn—:NﬁOQ OO_:MVO_._UA._W or 1 W—CO—.O Ooaﬁﬁ::w&wu N—w@—.@ﬂ—”@—ﬂ coup W
covalen & .

; . clei are d
. ; / d with the help of high resolution spectrometers even i€ the concerned nuclei are three bon
@  H® Jeis (H', H') =106 cps o . ¥ MWMM.,M mm.. o_m__& long — range coupling. i i
H 2% = SRR YL ’ N : _ac ic chains may occur through as many asr
/oH o.\/ J trans (H,H’) = 17.4 cps . : Example: 1) Coupling through conjugated poly .w(mQ_mEo chai y <
c I\ H@ Jgem(H',H)=-14 cps - bonds. ,
gHs

* 2) Meta coupling in a benzene ring is 1 to 3 Hzand parg Oto'] He. is0Oto2 Hz

£ 1 " ic rings, coupling between 2 and 4 protons is 0 to 2 Hz.

Vicinal coupling . : i i 3)In m-Em_dcm_.m.a heterg-aromatic n_m.m pine
. . >
Vicinai protons are the protons which are separated by three )
substituents attached to the neighbour carbon alters the value of J
of the substituents, the smalier is the valve of J
halagenoethanes it is 6-7 Flz

bonds. The n_aoqn.,:armu:.<5\ of
wie: The more the electronegativity | - . Ha _ﬂw
sic; 50 that in unhindered ethanes J,;. = 8 Hz while in 7 n_ul:l.oll
6oc,cbos o
tion, Jy,c is affected by the H-€ -C, C-€— : tem i
; - =G C : and also by the 4) 1,5 in the bicyclo[2,1,1]hexane system is about 7 Hz.

In compounds having restricted rota
presenice of small rings.

, The dihedral angle ¢ between the two C~H vicinal bonds influence J

: Y1 Sy t S, J four-bond cou —m__ov is in the range 0-2 Hz
q i vie DOnOﬂnmdm to the X arplus - mv In allyl system }wﬁ phing s =)
equation: , D .4

Trans coupling _

> . = = N = = - e X = 1
| g In alkene groups, the trans coupling (Jiaes = 11-19 Hz) is larger than the cis coupling (Jeis = 5-1 »‘Iv_

P 1 Spin-Spin Splitting in Aromatic Systems ) s

cmosmm:m:ms:mumzvmmﬁawiimﬂ:=cmﬁ_.osmmzm_&:mo_.aomrmo_&:mﬁ_ﬂoonm?nwmzm_o_x
Example: Toluene ’

: ii) Compounds.with two Sdentical p-substituents give single line spectra because .of molec
" symmetry. Example: ,p-Dinitrobenzene . e .

= =~ {ii) Compounds with two different p-substituents give two line spectra. Also due to coupling Bety
the ortho and ineta protons, each line is further split. Example: p-Chloreanilire.

iv) Compounds with a single substituent that is either«sirongly shielding or deshielding us)

| causes the ortho protons to move upfield or downfield with respect to"métd or para‘protons. We;
e 2H complex multiplet and a 3H complex multiplet. Example: Acetophenone......

3? 50° 150°
Diiecral argle

Ceam— —— b o SR O I | 22
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10
Doublc resonance

v) Identical groups ortho to each 9:.2. produce s . i . :
! rtho { e symmetry in the molecule. ) ing
complex multiplet which is symmetrical about the mid-point Example: meﬁrw_hﬁmamwciw i Sm_w

vi) Highly substituted rings give very simple spectra and the coupling copstants are in he orde .
£ ) pling con i
ra t li 9 stants e | the order

._onyo > .—aos > .—uua. k
i

vii) Polynuclear aromatic hydrocarbons invariably give very complex spectra d in the Bsmm_ 79
Simplification of Complex NMR Spectra |
1) Increased Field Strength ML g

Usually multiplicity is produced when A3 > 6J. & i Y \

. . .3 is field dependent. For exar f2

_h mow MHz =..m.c.=3m2 corresponds to 120 Hz while in 100 MHz wswwaamzaﬁvﬁ.nﬂw_.w w_ca% .
z. But no.cE.:m Constanisyane field independent. So, when we increase :a_w 1d oot e
ratio AS:J is effectively increased. Therefore, the overlapping oocc_wzm. e e

by increasing the field strength. ...B:Ev_ma can be.pulled apart

2) Double Resonance (Spin Decoupling)

i
—C—C—
Ik a z(
Ha Hy

.

Hy signal collapsed
S\m._:m_m»

—b
4

Double imzdiation of Hy

This technique involy irradiati ;
que involves the irradiation of a proton or a group of eguivaient protons with sufficiently

to the neighbouring

n @/nw:_—u—ﬁ L an I< 2 1n :—_mw enviro ents _rm nmr m—,_Oﬁxw
—: ﬁ_ﬂ UA:fﬂ sy SIA Q ar .
~ o rent environmen

two doublets
padelilisl L

When Hy is irradiated with s i
H. with sec 1
e b unwmmm radi \d c:. ropriate energy, the time of this nucieus in ,
R ek » : 00 short to resolve the coupling with Hx and rapid transitions between th
. ) s of - vi stimulated. Hence proton come i i
s e e be o resonance only once and Hx
_ .. el S
By the same argument, if we irradiate prol i T Ay
\ g i roton B with the co io fi
. er d : ect radio frequency energy i
undergo mn_.:g transition between 1ts two spin states. proton Hy wiil cor ah”o nnmwzm:nn o_”ﬁ_w,auq—__wn ] ~M
e, an

H, will appear only as a singlet.
Grm—— R

-

<f

i

DMNILL ICURCTULD 1an eramses

In this technique, we make simultaneous use of two radio frequency sources. In addition to the *asi
NMR instrument, 2 second tuneable radio frequency source is needed to irradiate Hx at the nec fon
he recording of the spectrum is done in the same way. It is called double resonaiic =
in de ing. 1t is a powerful technique for &Bv:@im/u

It is also called spin mmoocm__um

ansmmnmmo: of coupled protons in spectra that are too complex for detaile

L

on of this method to inorganic molecules can be explained by taking the example ¢
protons are split by the 198 nucleus (I = 3), thereb;

frequency. T

double imadiation.

spectrum. It helps in the i
analysis.
Applicati
diborane. The peaks for terminal and bridged
giving 2 complex spectrum. By applying 2 second rf,
spectrum shows two sharp peaks with intensity ratio
protons. :

105 nuclei are saturated (decoupled) and the
2:1 corresponding to terminal and bridgec

3 dmme Shift Reagents

Shift reagents provide 2 method for spreading out NMR absorption patterns without increasing the
strength of the applied magnetic field.

which has functional group like -NHs, -OH, -CO-, -CHO, -O-,

Addition of shift reagents to mE,:En
-S-, -COOR, or _CN etc. results in substantial nagnification of the chemical shift differences of non-

equivalent protons.
(lanthanide) series co-ordinated to organic ligand.

nd,  Jev
(0]
3
R = t-butyl: Eu{dpm)z
R = CF,CF2CF3: Eulfod)s
Example: Eu(dom)s ?,E&um<m_oao§m=m8vm=3nmu3c_Ov and Euffed)s
r«vS::oB.ﬁq-mmBonrm_-u.m .ooﬂwzmmmosw"oumﬁovaﬁc:v.
The lanthanide complex should be soluble in common NMR solvent.
complexes produce shifts to higher 3, while vamw,&%aca complexes produce

The shift reagents are jons in rare earth

/
1MesC

2

(wis-1,1.2.233-

In general, europium

shifts to Jower d.

nme spectrum of n-heptanat CHCH,CHyCH, CH2 CHa CH,O0H
G FE D C 8- A7

Heo

AN

nmr spectrun of p-heptanol in presence of shift reagent
; . H. Hc “Hg
Ha e e Jo E }ml He
-heptanol shows only the signals of -CH, adjacent ©© -OH (:
§ 0.9 wiplet). Upon addition of shi

For example: The nmr spectrum of 1
protons, & 3.8, triplet) and the tenninal —CH; (G protons,

N B o L e s
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y. . ADVANCED NMR TECHNIQUES
v.wcrﬁ_ﬁoclanenu:m?nag_w AE-ZZE

The continuous wave (CW) type of NMR spectrometer operates by exciting the nuclei on type at a
time, i.e., each distinct type of proton (phenyl, vinyl, methyl, and so on) is excited individually, and
its resonance peak is observed and recorded independently of all the others. Efficiency and sensitivity
% of such a system—arc far from optimum. The time required_ta_qbserve a NMR spectrumby CW
method is A/r (in seconds), where A is the range of frequencies that must be scanned to cover the
chemical shift range and r is the resolution-desired. For C'%at 25 MHz, where A is typically about 5

kHz and linewidths are gbout 1 Hz, it needs to scan the 5°KHz region at a rate of | Hz sec”, or
lower, working out for a minimum time of 5000 seconds (~83 minutes).

An alternate approach is to use a powerful but short burst of energy, &:& a pulse, that .nx%mm allof
the magnetic nuclei in the molecule simultaneously. An instrument with a 2.1 Tesla magnetic field

Enmmmronc..5EonvacﬁomooZmugﬂmv.S monoan:mr»Em.‘_,_,.omoﬁoommaanaozwaom
very quickly, generating a pulse (figure a). \ ;

® o of ; :
ib) Vol

A

Intensity _

——P
Time

—

Frecuency {v)
This pulse actuaily contains a range of frequencies centered about the fundamental (figure b)
(Uncertainty principle — as the time is very short, the uncertainty in frequency is large). This range is
great enough to excite all of the distinct types of hydrogens in the molecule at once.
4.5.2 Em._é_mn is discontinued, the excited nuclei begin to iose their excitation energy and return to
their original spin state, or relax, emitting electromagnetic radiation (emr). Since ‘the molecule

noz.am,zm E:wa_.moaazcn_n_.,amaw&m.n_.na ?ﬁcnsnmnmowoanmanamn& simultaneously. The
emission is called a free-induction decay (FID) signal. .

A FID signal (Time domain)

The inte

nsity of the FID decays with time a
FID is g

g Bys s all of the nuclei eventually lose their excitation. The
 superimposed combination of all th

e frequencies emitted and is quite complex, from which

e — | |

p— ., ,. >

i
ki

e T N

the individual frequencies due to different nuclei are extracted btv nsing a computer and

mathematical method, called a Fourier Transform (FT) analysis,

The figure shows the FID (not to scale) for\the H-atoms in aceto
with 7.05 T magnet operating at 300 MHz.

ded using an instrum:

Time domain *

; ) CH3COCH3
Time

(b)
~
7 i
-
N
L / r..b\.

TN Decay component
~
w T ——

Components of signal a

G

(¢) Freque!

&

Signal
_
N.‘_, epm
Frequency

domain Pulse

Since acetone has only one type of hydrogens, the FID curve is composed of a single wmscmo.am.,_ v
(figure a). The signal decays exponentially with time as the nuclei relax and ihis signal dimi
Since the horizontal axis is time, the FID is otherwise called a time-domain signal.
When the decay is removed, the FID would appear as a sine (cr cosine) wave of constant intel
1

H
H

(figure b). Frequency is calculated from the wavelength of this wave as A=

.||m=n
Yacetone ~ —\E&n

chemical shift of acetone protons from the position of the pulse is given as

5 _ Yacetone =V pulse

acetone

5::.?.
The actual chemical shift of this peak is calculated as
Oactual = (Bacetone = Oraes)

This peak is now plotted as a chemical shift on a standard NMR spectrum chart (figure c). Thu
time-domain signal is converted to a frequency-domain signal. _

Scanned by CamScanner



- ' <)

.

A complex molecule has many types of hydrogens, and the FID is the superimposition of many:
different frequencies, each of which will have a different decay rate. Fourier Transform analysis is|’
applied to individual components to convert them to frequencies. <

Advantages

i) More sensitive and weak signals can be measureds
if) It is much faster, can be recorded in few seconds; CXV method requires 5 — 10 minute

iii) Repeated recording is possible so that very miw__.a:mszq of sample is o__oz.m.:.\ _
iv) Noise is reduced to great extent as the signal-to-noise ratio improves as a function of square root

of number of scans, n: Wu\,\m _

v) FT-NMR is especially suitable for the examination of nuclei that are not very abundant in nature,
nuclei that are not stronglv magnetic, or very dilute mu:%_amm/ !

Proton Decoupled BC Spectra

The decoupling technique eliminates all interactions between protons and °C nuclei; therefore, onlyf
singlets are observed. The disadvantage of this technique is the information on attached hydrogens is'’
also lost. 4

Proton decoupling is accomplished in Cnmr by simultaneously irradiating all of the protons in the _4 |
molecule with a broad spectrum of frequencies in the proper range, generated by a second, tunable rf$

generator, the decoupler. In the BCnmr spectrum of ethyl phenylacetate, every chemically and ¥
magnetically distinct carbon gives a single peak. The two ortho ring carbons and two meta qmzmm,
carbons are equivalent by symmetry and each gives only a single peak. %

Nuclear Overhauser Ezhancement (NCE)

#

b

Ermuwnaasagccn_&;Omvooacamm_.nnoanP..Ga,manamanmo_,sma\o:ro._nmmco:Rwozm:omm
increase significantly above those observed in a E%o:.oocv_& experiment. Carbon atcms with i
hydrogen atoms direcily_attached are enhanced the most, and the enhancement increases o..o:wu ”
finearly)as’more hydrogens are attached. This effect is known as Nuclear Overhauser m.iﬁ:%ﬂmz.w.,

(NOE).

!

The NOE effect is heteronuclear and positive, i.e., irradiating the hydrogens increases the intensities |

of the carbon signals. The maximum enhancenient that can be observed is given as :
>~Qm\‘rﬂﬂ = — \ V\_\\I _ M

2 7.5, ) -

whiere 7., is the magnetogyric ratio of the nuclei being irradiated and 7y, is that of the rucleus being
observed. For a proton-d led c _
or a proton-deccupled °C spectrum,

(2675

1
NOE,  =~| -
e Nﬂﬂ.ww

indicating that "’C signals can be enhanced upto 200% by irradiation of the hydrogens. ,.

f

=1.988 : _

d,n_ q.ﬁmaa effect can also be observed. The hydrogen signals would increase when we irradiate ''C
nla oV P :
nuclei. However. the effect would be verv small. because there are few "C atoms in a molecule &
{

o

In

Signal enhancement dueto N
of the spin states in one type of 1:0_
The interaction of the spin-spin dipoles ope
decreases as a function of the inverse 0

zcmuxw C—1H -
r

Thus, nuclei must be rather close Smm:_.mn in the
effect is greatest for hydrogens that are directly attached to carbon.

NOE is sometimes used to verify
hydrogens leads to a greater enhance
‘considered. .

36.2 ppm, because free rotat
between the lone pair on nitrogen and the 7-bond of the carbonyl group.

O CHy

Irradiation of the aldehyde h
that for that of the anti-methyl group.

NOE-Enhanced Proton-Decoupled Spectrum (Gated Decoupling Spectrum)
Decoupling is av

decoupler is switched o ; .
determining a proton-decoupled BCnmr spectrum that shows the attached hydrogen multiplets.

OE is explained as a result of cross-polarization in which a no_m:B:» '

eus causes.a polarization of the spin states in another :c.s.._n:m.w, .
rates through space, not through bends, and its Bmmn_.E.o.u.
£, where r is the radial distance from the hydrogen oforigip-

&

-

molecule in order to exhibit the NOE effects. The

peak assignments. [rradiation of a selected hydrogen or group of
ment in the signal of the closer of the two carbon atoms being

i _equivalent, showing two peaks at 31.1 and
i amide, the two methyl groups are non equivalent, ! .
i ion is restricted about the C-N bond due to resonance Interaction

anti, 31.1 ppm
“CH3 syn, 26.2ppm
ydrogen leads to a larger NOE for the carbon of the syn-methyl group

ailable only while the decoupler is in operation and stops immediately when the
ff. This aspect is utilized in retaining the benefits of NOE even when

(a)
e
TH oo TR e -
we . F e

(a) Puise sequence for gated decoupling

(b) Pulse sequence for inverse gated decoupling
This is achieved by a technique known as pulse sequence. NOE effect is built up by irradiating w1
the decoupler during a period before the pulse and then turning off the mnno._m_ﬂ during the pulse a1
free-induction decay collection periods. The effect of this pulse-sequence Is to u:oé.,:n. ZOm.
develop while the decoupler idon. Because the decoupler is switched off during the excitation pul:
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VAR or OP MAS echnique 18 useful in following solid state reactions.

Shanees and polvinorphism, s aseful in the study of amorphous matenals suen
" A o e 20Q5 and 2T AT NMR

“ols and also of silicates and zeolites using Siand - At NMR.

\
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1119 2D NMR SPECTROSCOPY !

‘-“ -~
DU

’

+ 1980, two-dimensional (2D) methods have revolutionalized the pracuce o
NAIR. 1t has resulted in the development of several techniques for the s ‘
Sucidaton of complex organic molecules. 2D NMR compnses of a relanvels
sew et of multipulse techniques that make it possible o unravel complex
soecmra. The nwo-dimensional techniques can identify resonanc '
sirough-bond coupling, by through space interactions or by chemi
Wa restrict ourselves here to a brief introduction to the basic prnncipl

s connes

jo]
—
(@]
jo%]
[e7]
o

~

Siscussion of the most popular 2D experiments.

11.19.1 The Principles of 2D NMR

The conventional NMR spectrum is called as an one-dimensional speoTum
scause it has only one dimension in frequency: the chemical shift and ths
pin-spin couplings are displayed on the same axis. With larger molecules s

P

/1

can lead to very complicated spectra with many overlapping multiplets. Using
2 special pulse sequence, it is possible to obtain a spectrum in two dimensions
<o that the chemical shift is on the conventional axis and the coupling constant
information on a different axis.

e

In the conventional 1D NMR discussed earlier, the FID 1s record
immediately afler the pulse and the only time domain involved (#5) 1s the o1
during which FID is recorded. However, if the signal is not recorded mmediately
after the pulse and a certain time interval (7)) was allowed to elapse betore
detection, then during this time interval (called the evolution period), the nucltel
can interact with each other in different ways depending on the pulse sequences
ex_nployed. Introduction of this second dimension led to the development of several
NMR techniges for the elucidation of structure of complex organic molecules.

s
-
Tu

- v

- N

3
2 Q

, All EP NMR experiments use multipulse sequences. Initially the so-called
_preparation phase” involves equilibration of the sample in a magnetic field. It
18 ‘9“0‘“‘1 by one or more pulses at the beginning of the subsequent evolution
period. It _iS then allowed to evolve as a Functio:l of time (evolution phase).
During this phase, the spin system is allowed to affect each others behaviour
tor example by spin-spin coupling or interact with each other through space.
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2uid he tequined for syswems for which L
symemTanI are & oseres of simple 1D oxpenmments colfectad with different
m—mos Each nme of 2D NMR can provide etther through bend or through

erse coumhms mrommanon. Inthe 2D NMR specmoseep). the data are collected
: —an &Sren: ume domaine acquisiton of FID () and & sucvessively
mmemamred delnv (1) The resuling FID (Gt mamiy) is accondingly subjected
v mas soccsseve sems of Foumier munsfommanons o obin @ 2D NMR spevtmum
- —as Tecvanov nes. S and S- The pulse sequences usad in s 1D and the

cmm et TN anmemIens

LR

3
&
~
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~ nr D -l
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11.19.5 NOESY ‘
A 2D spectrum which serves to identify all the proton-proton NOEs oGocaua.m
in a molecule in a single experiment 1s called a NOESY (Nuclear O/..m%mcwnﬂ
Effect SpectroscopY). The NOESY technique has the advantage that 1t apphes
o molecules in solution and the compound need not have to be crystalline as
in X-ray crystallography. The two dimensional NOESY is used extensively for
stereochemical assignments. It provides an indirect way to exiract information
about internuclear distances. A typical NOESY spectrum is given in Fig. 1 1.78. The
off-diagonal cross peaks represent the NOE interactions between various nuclet.
A large .:E:Jc.on of 1D NOE experiments may have to be carried out if the
spatial relationships among several protons in a molecule are to be established.
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AFFENDICE
:::Em Resonance ) s

Though we have discussed the g oub]
e

_ ryrther remarks on it.
wwa_mmmoc.m:.‘ exposed to Hmﬂwnww%mwwﬁm mﬁﬂw.aﬂ% double-resonance experiment,
S i S e L
mm:,% to applying a v.Emm of MM.S € Nawral-abundance 3¢ %2:.%5 organic compounds, in
m?maao:w. one also applies nonﬁmmswaacmsow, radiation that covers the frequency range o
“ roton absorption frequencies. Thj uS strong rf radiation whose frequencies cover the range
om ﬁ,:a 13C nuclei (a process call 1S results in the removal of the spin-spin coupling between
i5C ,Dmmo tion lines. Since the nma cd decoupling). As a result, 'H spins do not split the
i3C |va spin-spin splittin probability that two C nuclei are both 13C is very small, there is
3m natural-abundance %mo:mnw: natural-abundance 3C NMR. With no spin-spin coupling, the
¢ NMR, the reference ooE@o:MMéE%m one line for each set of non equivalent carbons. In
wally lie in the range of § fro is TMS and the 13C chemical shifts in organic compounds
o kind of carbon bei m -10 to 230 ppm. As with protons, the §-value is characteristic
o a,.m _moo m:mmm%m: cing ocmm—éna., For example, § for C=0 carbon in ketones is usually
berwech f ppm. The combination of proton and '3C NMR is an extremely powerful
ethod for structure determination. The convenient notation 3C - {'H} is used to identify
Eono:.aono:c_m@ carbon - 13 NMR spectra. We usually double-irradiate all protons
m._acsmswocaw while recording the 3C spectrum. A decoupling signal is used that has all the 'H
frequencies mwnnwa around 80 MHz and is, therefore, a form of radio frequency noise. Spectra
derived thus are 'H-decoupled or noise-decoupled. Most 1>C spectra are recorded in this way.

D.

E. The Nuclear Overhauser Effect (NOE)

Consider the following double-resonance experiment. The IH NMR spectrum of a molecule
is recorded (using either a CW or FT spectrometer), while the sample is continuously irradiated
with rf radiation of frequency vy that is the NMR absorption frequency of a specific set (which
we call S) of chemically equivalent protons in the molecule. We then find that the intensities

of all lines that are due to protons that are close to the set-S protons in the molecule are
changed as compared with the spectrum taken without continuous radiation at vs. The am&m:o.a
at v, changes the energy level ﬁocc_m:on distribution of the set-S protons, and the magnetic
anmwm-& ole interaction between the set-S protons Ea. nearby protons ,nra._mmm the wom___m:onm
of the nWw b otons, thereby changing the intensities of their NMR lines. This intensity
chanoe i m y @n_ Overhauser effect (NOE). The magnitude of NOE is usually proportional
o twm is the nuc ear U between the set-S protons and protons producing the line s:.omn
/1 where r is the diSt20°8 ble for r > 4A. The NOE can be used to help assign

intensity is changed. The NOE % nﬂ_mm%m in a molecule.
§ H r distal . X
pectra and to find internuclea 4s on the balance of relaxation mechanisms, and its value for
?nammsxcama NOE depends © anisms predominate, is given by

- ole-dipole mech
an A - {X} experiment, OCCUITing when dipole-GiP° .(21)
NOEmax = 1+ <X\N<m :

Where y,s are the magnetogy ri¢ ratios. . ents the ratio of

Si . decoupling €XP¢" the NOE. The.
e imply stated, in de :nw intensity 1S called N o partic :
m_QSmEm_nnmmonu . the sixth power of the distance between the
.W&anwconammﬂogagm

eful gain in mwmnm_-ﬁ-aowmmamwwo. ortional 10 0 S gited i
el i mos mﬁwm_mmmmwéma the DUCTEL offect is RE2 Mwom_nﬂﬁ__mwaﬁ o that By 21
being observed. For 1°C - {'H}: 8 ound 10 hydro8 s si - {'H), the maximum effoct is
el o o 2 0 et 1 8l

~1'5 while for 5N - {'H}» 1177

‘the total integrated double resonance
The NOE enhancement can give a
ularly important for spin 1/2
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o obtatned on proton decouphing
Noton Decoupling
Fully pmh\n-dx\‘\\npk‘d 3¢ NMR spe ”
ealh ot Sty coupled speetrd (sometimes :
distinet advaniaae ovet fully couple | o ¢ the | v
called non~deconpled spectra) The :ulvnnla;l;(, is m[ s ( e
removal of © e inlicity makes the spectr ' :
emoval ot mnp‘hny multi] : v 0 P sing | Fig: o oroton-decoupled (@) and
simpler n appLarance and ensures almos I e ) 298 spectra of triph . COUpled-
overlap in adjacent signals, but (here is a sensitivity ' phenylsilane,
bonus in sddition. Thus, for example, the methyl carbon 1 p-hydroxyacetophen(m
appear in a non-decoupled spectrum as a 1:3:3:1 quartet because of the three attacheq q
coupling protons and, when this is decoupled, the whole of the signal intensity appears ang
single line (of intensity 8 relative to the outside lines of the quartet). The fact that the Sign:IS'a
and unfortunately this valuable piece (l)sf

a fquartet_ proves that it arises from a methyl group
:gcﬁlr':?anon ’1115 lost in the fully decoupled 13C - {!H} NMR spectrum. There are
ques which allow this information to be retained ; the simplest consists in cafrying Soeg'tetrgl
£

proton decoupling by irradiation of i i oh i
:ihat of ltilrf protons but a few hﬁn(()lretgeh:?gp(;?sggzigac’lllgirequency Which 1a.nof gutte exactly
ecoupling is an i : consequence of thi -
methyl ca;gb;ns?nwliréﬁotrggigg f‘;‘(’)lrlr‘ilpé% of dthebmultiplicity, and vecétigial quatr]:éisofgr;z?gn? )
catbons, Tt % convenient 2, doublets from CH and singl ey o
o to annotate si o 13 glets from fully substi
the abbreviati signals in 1*C-{!H} s indi Y, SUDSHIIES
on g, ¢, d and s for quartet, triplet, doub{let gmc? zgrtlzetto rlg dlcat? Ilillﬂtlpllcity, vl
, respectively.
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