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Nuclear magnetic resonance — Basics

Fundamental properties of particles:

* mass (interaction with gravitational field)
* charge (interaction with electric field)

e spin (interaction with magnetic field)

electrons, protons, neutrons — spin =+1/2 or -1/2

o
Deuterium atom:
unpaired electron spin > %
unpaired proton spin > %
L g o

unpaired neutron spin > %
total nuclear spin > 1

Particle with a net spin can absorb a photon: 1, — 7/B

v—frequency

y— gyromagnetic ratio
(42.58 MHz / T for hydrogen)
B — magnetic field



Nuclear magnetic resonance — Basics

spin pairing for nucleons (just as for electrons):

nuclei with net spin (can absorb photons):

Unpaired Unpaired

Protons Neutrons Net Spin v (MHz/T)

Nuclei

’H 1 1 1 6.54
31p 1 0 1/2 17.25
23Na 1 2 3/2 11.27
14N 1 1 1 3.08
19F 1 0 1/2 40.08

nuclei have to be naturally abundant to make the signal stronger!



Nuclear magnetic resonance — Basics

spin of a proton — imagined as a magnetic moment vector:

aligning of spins with the external magnetic field:

B e 4

N S M
——— e
transition: Av
g hv, hv,
S N

EEE —®

low energy high energy
v—resonance (Larmor) frequency magnetic field

aligning is possible only if the movement of the particles is allowed
NMR is used primarily in solutions — deuterated solvents are used
solid state NMR is possible — complicated physics



Nuclear magnetic resonance — Basics

Continuous wave NMR — the simplest technique

Constant energy Constant magnetic field

energy i energy i energy

magnetic field magnetic field ~ absorbance

absorbance

magnetic field



Nuclear magnetic resonance — Basics

Chemical shift — variation in local magnetic fields

Shielding — electrons circulating around the nucleus will generally produce magnetic
field that will oppose the applied external one — the nucleus will feel a slightly lower
field

B=B,(1-0)

Deshielding — circulation of n-electrons will generally produce magnetic
field aligned with the applied external one — the nucleus will feel a slightly higher
field

Almost every nucleus feels a different magnetic field
Almost every nucleus absorbs at a slightly different resonance frequency v

The nuclei are easily distinguished?

The absorbance (signal) is proportional to the number of absorbing nuclei

Chemical shift: 5=Y Vet 108 [ppm]

ref



energy

A
Nuclear magnetic resonance — Basic$ o
allowed transitions:
Spin-spin coupling two distinct energy levels
Same chemical shift — _ _
spin down spin down 7y Py
equivalent nuclei (opposed) (opposed)
Different chemical shift —
nonequivalent nuclei spin up
spin down (aligned) N
(opposed)
Physically close nuclei
(up to 3 bond lengths)
affect each other by
: : . _ -
spin-spin coupling (Zﬁ';ngﬁ)u (opposed)
The effect is visible
on nonequivalent
nuclei @igned) S ? (igned)

absorbance



Nuclear magnetic resonance — Basics

Spin-spin coupling

Configuration Peak Ratios
A 1
AB 1:1
AB, 1:2:1
AB, 1:3:3:1
AB, 1:4:6:4:1
AB; 1:5:10:10:5:1
ABg 1:6:15:20:15:6:1

Pascal triangle

energy

I

KL L L K
X

H

allowed transitions:

1:1

2:1

absorbance

A 1:2:1

Og

O,



Nuclear magnetic resonance — Basics

Hardware — very very simplified

https://www.cis.rit.edu/htbooks/nmr/inside.htm



Nuclear magnetic resonance — Basics

Hardware — very very simplified
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Adapted from Magn Reson Med 57:308-18 (2007)

https://www.cis.rit.edu/htbooks/nmr/inside.htm



Nuclear magnetic resonance — Basics

Hardware — very very simplified

He Fill —, +« N, Fill Stack
Stack

/Vacuum

Y | |- Radiation
Barrier

R
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P

1 Liquid N,
|4+ Liquid He

— Coil

https://www.cis.rit.edu/htbooks/nmr/inside.htm

https://commons.wikimedia.org/wiki/File:NMR_Bruker_Avance_ll_700.jpg



Nuclear magnetic resonance — Polymer characterization — Copolymer composition

% Quantitative analysis straightforward.

Copolymer Analysis

Example:
methyl methacrylate-co-hexyl methacrylate copolvmers.

{ fﬁ_{ ‘C‘} . u

I
CH, CH,

o _ 36 “3“1_-
% MMA — — x 100

‘:C.H: :|_'|_

d = 3.6 ppm &= J.C;:um a

MMA-co-HMA

CH;

X

. ] YT T T
] a_n a8 3.4
[ 5.8 LN ] A | an

Proton nmr spectrum of a copolymer of methyl methacrylate and hexyl methacrvlate

F. Bovey, High Resolution NMR of Macromolecules, Academic Press, London, 1972.



Nuclear magnetic resonance — Polymer characterization — Copolymer composition

CH,=CH + CH,=CH

9 9\

smene
-BSOS
t-butyldimethylsilyl
BuyNF
RT

THF/CH, Coin/

styrene-co-vinyl phenol

‘ P = -Si (CH;),C(CH,); ;
AIBN
Benzene
60°C

styrene-co-t- B:.os

H Total area of 0.16 ppm line

s 6

_ Total area of 0.95 ppm line
9

p  (Total area of region from 6.2 ta 7.2 ppm) - 4 -—\:fw

| 5

" Styrene = —; "'" x 100
lf
A_LJ
B |
T I | 1 L | ]
8 7 6 5 B 3 2 I 0
ppm

Proton nmr spectrum of
(A) a styrene-co-t-BSOS copolymer and
(B) the corresponding styrene-co-vinyl phenol
copolymer after dcprotectlon

F. Bovey, High Resolution NMR of Macromolecules, Academlc Press, London, 1972.



Nuclear magnetic resonance — Polymer characterization — Copolymer composition

%(St) = A(St) / [A(St) + A(H-Butad)]

e

H 1
|
~+CH,—CH CH,CH,CH,CH, { CH,— C|:H-]-
i
CH,

_ aliphatic protons
aromatic protons — \] —

—ll—"

\

A(St) = Area /5

72 64 56 48 40 32 24 16 08 0.0
S/ ppm A(H-Butad) = [Area

—3*% A(St)] /8

Figure 1. 'H NMR spectrum of styrene
hydrogenated-butadiene copolymer.



Nuclear magnetic resonance — Polymer characterization — Copolymer Composition

(@ (@ |
/

(ij) CH, C|ZH3 )
+CH,— CH¥ cH,—CH CH,—C}+ :
:C=o =0 %zo %(MMA) = A(MMA) / [A(MMA) +
o A(DDMA + ODMA)]

(©)

(C|3H2)9 (©) (C|3H

CH, CH,
(b) (b)

o “(d.e)

| op

A(MMA) = Area(f) / 3
A characteristic *H NMR spectrum of poly(methyl-
methacrylate-co-dodecyl-methacrylate-co-octadecyl-

methacrylate) terpolymer

A(DDMA + ODMA) = Area(g) / 2



Nuclear magnetic resonance — Polymer characterization — Tacticity

it
Cl'la‘_c N
- % Isotactic - two methylene protons are not
I : I
P A magnetically equivalent - AB patterr.
. 0 g :
N % Svadiotactic - two methylene protons are
CH . A I
' megnetically equivalent - Single resonance.
ISOTACTIC s Atactic - combination - diad information.
s [he three protons of the backbone methyl
croup are sensitive to friad sequences -
T 7 = T 7 T i 1
Py 2 7 s o a ;= Isctactic. Syndiotactic andAtactic triads are
resolved at different chemical shifis.
)
SYMNDIOTACTIC .
[sotactic CH
| i
3% T ? T <|:> T O-Me —C—
' .
g g I z g z | - CH, ‘ SiMe,
L l & 1 L l Ll L I
Syndiotactic
ATACTIC
R A P S A | | -
T “ P b4 e T
6L6(l\6 | éA\éLé | Atactic
p— p— |
— ‘ ol |
O = ~-COOMea . = -Me g = («"‘2 4.0 ppm 0.0




Nuclear magnetic resonance — Polymer characterization — Tacticity

Stereoisomerism and probability

Table 6.3 Configurational Sequences.
2 ad]acent Type Designation Projection Bernoullian
. Probability
monomers . - 7.1
Diad mesn, m ' Pm
e Meso diad (dd or racemic. + (1- P
") 9 m isotactic, mm ‘.}":" P2
° RacemIC d|ad (dl Triad heweroctic, me I:”:. 2Py (1 =Py
i i . @
or Id) 9 r syndiotactic, v .l.l '. (1 - P}
mmm } = { pm:’-
"1” 1"| l 2
mime ol I "* 2 P “'Pfu_]
Tetrad — 1474 ; P (1 - P2
mem HHH Pyl (1 - Py)
mm i"‘"’!l‘.l.‘ 2 Py (1 - Ppy)?
o ] (1 - P




Nuclear magnetic resonance — Polymer characterization — Tacticity

The Observation of Tacticity

F. A. Bovey, High Kesolution NMEK of Macromolecules, Academic Press (1972)

60 MHz rer 200 MHz
.. PMMA
I'I'lrm
\l —A//\/\J ssb
(a} “r'}ﬁ"“ mmr—-—L""'LiJ
— L___ rmr mrr rimr

Incteased sensitivity td gequences

=;5b ssb|
T o
J lﬁa?m r lr mrrlL‘fi[nrl : m:'nr—lr-!'-f'_‘—lrmr |
[ ] I
55 7% 80 /85 90 95 100 75 76 117 78 79 BO 8! 82 83 84 B85
[ ) T

spinning side band (ssb)
"Huomr spectra of (a) predominantly syndiotactic PMMA and (b) predominantly isotactic PMMA.

F. Bovey, High Resolution NMR of Macromolecules, Academic Press, London, 1972.



Nuclear magnetic resonance — Polymer characterization — HEAD-to-TAIL isomerism

Polyvinylidine fluoride (PVDF) in °F NMR

There is no tacticity (no chiral C-atoms)
There are sequence isomers only (head-to-tail isomerism)

The Observation of Sequence Isomerization - Poly(vinylidine fluoride)

C. W. Wilson III and E. R. Santee, Jr., J. Polym. Sci. Part C, 8, 97 (1965)

et PVDF

~CHy~CHy=CF* -CF; -CH, -

_=CFy=CH,=CF*~CH,~CF, -
L

-GF=-CH=- EFE‘-CFI"CH!-‘
- k

,.-CH;-CH,-CF,*-CH,-CFI- :

/—'} !’ M
c w)
1

A
13,8 115,86

41,6 948 -
LA ppm  ppm

PRPm Ppm
[H ——i ‘}



Nuclear magnetic resonance — Polymer characterization — cis-trans isomerism

Polybutadiene (PBd) in 13C NMR (in *H NMR this effect is not visible)
Three possible arrangements: 1,4-cis; 1,4-trans; 1,2

Observation of Structural Isomerization - Polybutadiene
K-F Elgert, G. Quack and B. Stutzel, Polymer, 16, 154, [1975).

% FEach resonance has been assigned to a specific triad

” < ' 7
sequence of trans-1.4-; cis-1.4- and1.2- placements. ;
68 *
'. -CH=CH~-
9
Example: .
pic . 10
¢/ v/} sequence T
| ! ! 1 . : .
| 1 1 g
Cl's ! . !

' CH=CH ICH,. R | : 4 .

' 5 Eh CH=CH | -
Teny Cenfy “cngf T

: cis-1.4 : ﬁH : trans1.4 = 2 X ~ 12

. ' 13
" . 1 ”
1,2 CH | 14
Ik P L
: o 16
N,
A S | ST
1 l{W

13C nmr spectram of polybutadiene containing
34% trans-14-; 24% cis-1.4- and 42% 1,2- placements.



Nuclear magnetic resonance — Polymer characterization — Copolymer sequence distribution

(Vinilydene chloride)-co-isobutylene (VDC-co-IB) in tH NMR

Copolymer Sequence Distributions - Vinylidine chloride-co-Isobutylene

F. A. Bovey, High Resolution NMR of Macromolecules, Academic Press (1972)

Distinguishable sequences, N(n) of length n are given by:

For (’Hz- (‘.\'z and CHZ-CY2 (o) (v
n- 2 3 4 5§ 6

Nm)=- 3 6 10 20 36

But its a nightmare:
For CIl,— CXY and CII, -~ CRZ

le)

n=- 2 3 4 5 6
Nm)=- 6 20 72 272 1056

@ @ @
i = i = llllllllllllilllngJ—
@

T

| (b) PIB homopolymer and (c) a copolymer
of vinylidine chloride and isobutylene.

—rr

—

—_r
—

(f}) ® (B TH nmr spectra of (a) PVDC homopolymer.,
|

@ ®
S 1= VDC-VDC-VDC-VDC 2= VDC-VDC-VDC-IB
Indistinguishable Indistinguishable 3= IB-VDC-VDC-IB 4= VDC-VDC-IB-VDC
X s o . Y 5= IB-VDC-IB-VDC 6= VDC-VDC-IB-IB
7= IB-VDC-I1B-IB




Nuclear magnetic resonance — Polymer characterization — Copolymer sequence distribution

Styrene-co-(methyl methacrylate) (ST-co-MMA) in H NMR
'H NMR data for the calculation of copolymerization reactivity ratios

Terminal model (Mayo & Lewis)

dM
_Tl = kllMlR(l) + k21M1R(2)
Monomer disappearance
dMm,
_T = klZMZR(l) + kzzMzR(z)

dM1 _ kllMlR(1)+k21M1R(2)
sz klZMZR(l) + kzzMzR(z)

Instantaneous copolymer composition

Steady state assumption

_ Rates of conversion of one radical type
k21M1R(2) - kle 2R(1) : vP
into another are equal

dM, _ (EM, + M, )M, Ky
- After replacement: n=-— r,=——
dM, (M, +5M,)M, Ky

COPOLYMERIZATION REACTIVITY RATIOS




Nuclear magnetic resonance — Polymer characterization — Copolymer sequence distribution

Styrene-co-(methyl methacrylate) (ST-co-MMA) in H NMR
'H NMR data for the calculation of copolymerization reactivity ratios

5 Triad distribution 13C NMR
Piii — Pii
[111], [112], [212], [222], [122] i [121]
Piij = ZPiiPij
_ D2 Lot
Pjij B Pij Piii
Terminal model o r=10,r=0,1
0.6 . P]_u
’ : I:)112 ”””””
- rlfl H P212 """
" rf + fj 041
2r f, f, 02 |
i~ (¢ <V | e i e T
(rl fi+ fl)z o5 P .0“4-1 ......... 0,6 TR 1,0
| ‘




Nuclear magnetic resonance — Polymer characterization — Copolymer sequence distribution

Styrene-co-(methyl methacrylate) (ST-co-MMA) in H NMR
'H NMR data for the calculation of copolymerization reactivity ratios

Theoretical sequence distribution in SMMA90 (90% MMA)
(overall sum set to 100%)

S - styrene unit

M - methyl methacrylate unit

0,50 - _ B S-centered
0.45 [ ] M-centered
040 SSSSS 2.7874E-7
"7 | sSsssm 1.4318E-5 MMMMM 0.4995
— 035- SSSMS 4.8401E-5 MMMMS 0.1449
@) {1 SSSMM 3.3912E-4 MMMSM 0.1597
43 0304 sMssM 0.0012 MSMMS 0.0232
S 025_' SMSMS 0.0021 MMMSS 0.0062
LT_ " | SMSMM 0.0290 MSMSM 0.0128
0,204 MSSSM 1.8369E-4 MSMSS 0.0010
{ MSsMM 0.0086 SMMMS 0.0105
0,154 MMSMM 0.0998 — [ SMMSS 9.4457E-4
- SSMSS 1.9358E-5
0,10 4
0,05 4
0,00- — :I: } L :l_l:'—':'_': 1y

T
SSSss SSSSM  SSSMS ~ SSSMM  SMSSM  SMSMS SMSMM  MSSSM  MSSMM  MMSMM = MMMMM ~ MMMMS ~ MMMSM ~ MSMMS ~ MMMSS ~ MSMSM ~ MSMSS ~ SMMMS ~ SMMSS ~ SSMSS

Monomer pentades



Nuclear magnetic resonance — Polymer characterization — Branching in PE

Two forms of branching in polyethylene:

1) Short chain branching
a) copolymerization with another olefin (i.e. butene or octene)
b) backbiting in LDPE
low degree of solid state crystallinity
2) Long chain branching
c) chain transfer to polymer in LDPE
decreasing solid state crystallinity (if significant)
affecting melt properties as well

Detected by 13C-NMR:

The chemical shift:
a) depends on the branch length for branches up to six carbons long

b) does not depend on length for longer branches.



Nuclear magnetic resonance — Polymer characterization — Branching in PE

Classification of carbon atoms:

a) methylene carbon —bonded to two other C atoms

b) methine carbon — bonded to three other C atoms

c) a-carbon — next to a methine carbon

d) B-carbon — next to an a-carbon

e) y-carbon —next to a B-carbon

f) 2C-second carbon atom from an end of a short branch

short (C)) BC
\branch o C

e/
\ methine C

methyl C \‘ylong branch

2 C

KN\ backbone



Nuclear magnetic resonance — Polymer characterization — Branching in PE

Classification of carbon atoms:

a)
b)
c)
d)
e)
f)

methylene carbon — bonded to two other C atoms
methine carbon —bonded to three other C atoms
a-carbon — next to a methine carbon

B-carbon — next to an a-carbon

y-carbon — next to a B-carbon

2C —second carbon atom frmmmin
Methylene C on backbone and long chain
vC branches
2C on l
short /
branch ¥ Chain end
methyl C
Methine C on
long branch BC l
aC j
| '

1 1 I 1 1 1 I 1

40 36 32 28 24 20 16 12
ppm



