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Introduction   

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful method for organic molecule 

structure determination. Moreover, NMR allows for the analysis of conformations, dynamics, 

spatial arrangements. Here, we will focus on the elucidation of molecular structure from an 

analysis of high resolution 1H NMR and 13C NMR spectra. 

The basis of NMR spectroscopy is the absorption of the electromagnetic radiation of a radio 

frequency () by atom nuclei possessing nuclear spin (I) inserted into a magnetic field (B). 

The energy levels originating from the spin that allow the phenomenon are degenerated in the 

absence of a magnetic field; thus, the key component of an NMR spectrometer is a magnet. 

NMR-active nuclei must have a non-zero nuclear spin, preferably ½ and this is the case for 

the 1H and 13C NMR we will focus on. Absorption of electromagnetic radiation is possible 

when the energy of a photon (h) fits the B-dependent energy gap (E =  B;  – 

gyromagnetic ratio, a characteristic of the nucleus), i.e. when the resonance frequency equals 

       = B/2 

An NMR spectrum is registered for each type of nucleus, the most commonly studied and the 

most informative for organic molecules are proton spectra (1H NMR). The structural 

information is deduced from the spectra by interpreting spectral parameters. The 1H NMR 

parameters are: the number of signals, their chemical shifts, their relative integral intensities, 

multiplicity (spin-spin coupling) and the coupling constants. For standard (i.e. proton 

decoupled) carbon spectra, only the number of signals and their chemical shifts are 

interpreted. 

Spectral parameters 

Chemical shift 

An NMR experiment is performed in a magnet generating an external magnetic field (B0); 

however, the actual field at the nucleus is modulated by the presence of electrons in a 

molecule. The electron shielding effect is a source of the slight variation of the resonance 

frequency from one (e.g. 1H) proton to another, in a different environment, of a molecule. 

Thus, in the 1H NMR spectrum each chemical environment of a proton(s) gives rise to a 

separate signal / peak / resonance on a chemical shift ( scale (defined below). Such a scale 

is more convenient than a frequency scale, as it is independent of the specific B0 of a 



spectrometer. Chemical shift is expressed in parts per million (ppm) and is a function of a 

molecule's structure (additionally influenced by temperature and solvent). 

  = (in ppm)
 observed nucleus      reference nucleus (in Hz)

reference nucleus (in MHz)  

Reference signals in spectra are provided by the addition of a small quantity of chemical shift 

internal standard to a sample solution. External standards are placed in a sealed capillary 

placed in the tube. Typical standards for 1H NMR and 13C NMR are tetramethylsilane, soluble 

in organic solvents, and sodium salt of 3-(trimethylsilyl)propane-1-sulfonic acid, soluble in 

water. For samples measured without a chemical shift standard, a solvent residual signal 

usually serves as a reference. 

The chemical shift of a proton depends on the chemical environment and generally increases 

with increasing electron density. Thus, neighboring electron-withdrawing groups induce a 

larger chemical shift (deshielding effect), which results from inductive and resonance effect. 

Importantly, the withdrawing effects of the several groups are additive. And thus, as expected, 

the chemical shift increases by a similar increment in the series: 0.23 for CH4 < 3.05 for 

CH3Cl < 5.30 for CH2Cl2 < 7.26 for CHCl3 (all in ppm). Another effect which strongly 

influences chemical shift in 1H NMR spectroscopy, although it is less important for 13C NMR, 

is the anisotropy effect, referred to also as the circulating current effect present in aromatic 

rings, and triple and double bonds. This results in relatively large chemical shifts of aromatic 

protons (7.27 for benzene) and relatively small  ones for acetylenes (2.88 for acetylene). 

Characteristic chemical shifts of various types of protons (carbons) are gathered in 

spectroscopic tables. 

 
 
Figure 1. 1H NMR spectrum (CDCl3, 500 MHz, 300 K) of ethylbenzene. Impurities are marked by *. 



Let us consider an example. Figure 1 presents the 1H NMR spectrum of ethylbenzene. The 

presence of signals at 7.0-7.5 ppm – in a typical aromatic region (6-9 ppm) - indicates the 

presence of hydrogen atoms attached directly to an aromatic ring. The two signals on the right 

(note that the chemical shift scale increases to the left) suggest there are two other types of 

protons that are, judging from the chemical shift (2.6 and 1.2 ppm), probably aliphatic (refer 

to NMR tables); however, they differ in shift significantly. In this case, the proximity of an 

aromatic ring is responsible for this difference – the deshielding ring current effect of the 

phenyl group is stronger for the closer (CH2) group. 

Quantitative information is contributed by another spectral parameter – integral intensity (the 

peak area), which is proportional to the number of protons giving each signal. In the presented 

example, the relative intensity of the two signals at 2.6 and 1.2 ppm is 2:3 (approximated to 

integers), indicating that if the left signal corresponds to two protons, the right corresponds to 

three protons. In the case of ethylbenzene, the numbers of protons are in fact 2 and 3, but, in 

general, only the relative number of nuclei can be concluded. Thus, the ratio 2:3 would be 

exactly the same for two or three chemically equivalent ethyl groups present in a molecule 

(1,4-diethylbenzene and 1,3,5-triethylbenzene). Notice that the three protons in a CH3 group 

are chemically equivalent, due to fast rotation, the same is true for the CH2 group in this 

molecule. 

In a standard 13C NMR spectrum, the relative intensity cannot be interpreted in a similar way. 

The last parameter of the 1H NMR spectrum, which is easily translated into molecular 

structure information, is the signal splitting (multiplicity) originating in the spin-spin 

interaction. This provides information about the spin-active neighbors of the observed proton. 

We can think of spin-active nuclei as very weak magnets, subtly modulating the local 

magnetic field. For a proton with a nuclear spin of I = ½, two almost equally probable 

magnetic states, +½ and –½, are distinguished in an external magnetic field. One of these 

contributes a positive, the other a negative to the local B, and thus one neighboring spin of ½ 

(e.g. proton) gives rise to the splitting of the observed signal into two lines, i.e. a dublet, 

which is the simplest multiplet. The gap between two lines of a multiplet is the coupling 

constant (given in Hz), which reflects the energy of the spin-spin interaction (Figure 1) and 

depends on the relative spatial arrangement of two interacting nuclei. Thus, the number of 

neighboring protons can be figured out from a signal multiplicity. Simple rules, valid for so 

called first order spectra, are: if n protons split the signal with an equal coupling constant, 

then the multiplicity equals n + 1 (more generally: 2nI + 1, for n nuclei of spin I). If n 

protons split a signal, each with a different coupling constant, the multiplicity equals 2n. 



Among equivalent nuclei, splitting does not occur (e.g. benzene gives one singlet in 1H 

NMR). For the above-mentioned ethylbenzene, the case of the ethyl group is simple: three 

CH3 protons split the neighboring (CH2) signal into a quartet (four lines), and mutually – two 

CH2 protons split the methyl signal into a triplet (three lines). The situation is more 

complicated in the case of the phenyl group signal, which in fact is not a first order multiplet, 

as the chemical shifts of the three kinds of protons (orto, meta, para) are very close. In such a 

case, without going into details, we can call it simply a multiplet and limit the interpretation to 

a chemical shift and an intensity. 

 
 
Figure 2. 13C NMR spectrum (CDCl3, 125 MHz, 300 K) of ethylbenzene. 

 

Preparing an NMR sample 

Routine samples for high resolution NMR spectra are solutions of chemical compounds in 

deuterated solvents, placed in NMR-tubes – thin-walled glass tubes of 5 mm diameter, with a 

cap. Deuterated solvents are used to substantially prevent unwanted large solvent peaks, 

obscuring the signals of an analyzed compound. The second reason for using deuterium in 

NMR samples is LOCK – the system for the stabilization of homogeneity and the stability of 

the magnetic field, based on deuterium resonance. 



 

NMR solvents Choosing an NMR solvent, we have to take into consideration the solubility of 

the analyzed compound; for variable temperature measurements, boiling and melting points 

and, in some cases, other properties are also key. For compounds with exchangeable protons 

(OH or NH), the choice between a protic and aprotic solvent is important. In a deuterated 

protic solvent, such as D2O, an exchange reaction will occur: 

R-OH + D2Oexcess R-OD + HDO (similar for an NH group) 

so the OH (NH) groups will be mostly replaced by OD (ND), and consequently will not be 

visible in 1H NMR. The exchangeable protons in aprotic NMR solvents, e.g. the most popular 

CDCl3, usually give signals which are broadened due to chemical exchange, without splitting. 

The solvent of choice for detecting exchangeable protons is DMSO-D6, which enables 

observation of narrow OH (NH) signals and their splitting. The above H/D exchange reaction 

may be utilized to distinguish OH (NH) signals from CH peaks by comparison of the spectra 

of a sample in an aprotic solvent both before and after the addition of a drop of D2O (OH/NH 

signals will decrease).  

Caution! Traces of water or other impurities, such as the residuals of washing solvents, will give additional 

peaks (as in Figure 1, marked by *) on a spectrum and may hinder the interpretation. 

Additional remarks 

Spectrometers The stronger the magnetic field of a spectrometer, the better the spectrum 

resolution, and the better apparatus sensitivity. Thus, nowadays the standard magnets of high 

resolution NMR spectrometers are equipped with superconducting electromagnets with 

solenoids immersed in liquid helium. The magnet is not described with a magnetic field 

strength value (in Tesla), but with the resonance frequency for the 1H nucleus; for example, 

500 MHz (corresponding to 11.7 Tesla). Note that the resonance frequency for 13C on a 500 

MHz spectrometer can be calculated from gyromagnetic ratios: 500C/H = 125 MHz. 

 

Diastereotopic protons In most amino acids a chirality center (C*) is present. Protons 

in a -CH2- group bound (directly or not) to an asymmetric carbon are called diastereotopic 

and have different chemical shifts. Similarly, in an isopropyl group attached to C*, two -CH3 

groups have different chemical shifts (both 1H and 13C). 



 

Residual solvent peaks are present in 1H NMR spectra because deuterated solvents are never 

100% deuterated. The peak of HDO in D2O is visible at 4.65 ppm; the peak of CHD2-SO-CD3 

in DMSO-D6 at 2.50 ppm. The signals must be identified and not misinterpreted. They 

frequently serve for the calibration of spectra. Note that in 13C NMR spectra the solvent peak 

(for solvents containing carbon) is relatively intense, as 13C carbon in natural abundance 

levels is present in the solvents. In many cases, splittings with deuterium nuclei (I = 1) are 

observed at proton and carbon spectra. 

 

Remember! The chemical shift is given in ppm, the coupling constant in hertz (otherwise it 

would not be constant, but dependent on B0). The distance of 1 ppm in the 1H NMR spectrum 

measured at a frequency of 500 MHz is equal to 500 Hz, but measured at 300 MHz equals 

300 Hz. 
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Przesunięcia chemiczne w spektroskopii 1HNMR 
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Przesunięcia chemiczne w spektroskopii 13CNMR 
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