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NMR analysis of weak molecular interactions using slice-selective 

experiments via study of concentration gradients in agar gels  

Y. Mitrev,
a,b

 S. Simova,
 b

 and D. Jeannerat
a
 

Weak molecular interactions can be localized and quantified from 

a single NMR experiment analysing concentration gradients 

generated in agar gels. The spectra from various cross-section 

along the gradient were obtained using a slice-selective pulse 

sequence realisable with standard NMR equipement. 

NMR titrations are among the most widely applied methods 

for quantitative investigations of non-covalent interactions in 

solution. Association parameters (association constants and 

stoichiometry) can be calculated from the variations of NMR 

parameters induced by complexation. This requires series of 

spectra with varying concentration ratio between the 

interacting species.
1
 Titrations are usually performed either as 

a time consuming “single-tube” titration, incrementing the 

concentration of the titrant manually, or in a product 

consuming “multiple-tube” manner, where series of samples 

with different compositions are prepared. Recently, Niklas et 

al.
2
 introduced a single-shot NMR titration by recording slice-

selective 
1
H and 

7
Li experiments to study concentration 

gradients created by the dissolution of frozen 12-crown-4 

ether in LiClO4/acetonitrile-d3. Such an approach circumvents 

simultaneously both disadvantages of the classical titration, 

allowing for efficient use of chemicals to obtain titration data 

in a matter of minutes, once the concentration gradient is 

developed. Despite the promising results, the freezing/mixing 

scheme is limited to systems where one of the components is 

solid or could be easily frozen. A more practical medium would 

be to include one of the components in a porous matrix and to 

allow the other to diffuse in, thus giving the system more 

resistance to mechanical stress. Such system is used by the 

authors
2 

to monitor the chemical reaction of N,N,N’,N’’,N’’- 

pentamethyldiethylenetriamine with nBuLi/toluene-d8 in a 

swollen polystyrene gel. Combining both approaches, we 

extend the range of application of single-shot NMR titrations 

to aqueous samples and present a very robust and practical 

system based on agar gels.  

 Agar, and its main component, agarose, are known to form 

physical gels with nanometre pore size at concentrations lower 

than 1 %,
3
 allowing efficient molecular diffusion even for large 

molecules.
4
 They are commonly used in separation techniques 

such as electrophoresis.
5
 Concerning NMR spectroscopy, these 

gels have the remarkable property of causing no observable 

changes in the chemical shifts and lineshapes compared to 

normal aqueous solutions (Figure 1).
6
 Moreover, the small 

quantity and the favourable relaxation properties of these gels 

result in the “NMR invisibility” of the matrix. This is not the 

case of other water compatible gels such as polyacrylamide. 

The thermoreversible nature of agar and agarose gels allows 

for quick and easy preparation of uniform samples by a simple 

heating/cooling cycle. This contrasts with the chemically cross-

linked polymer gels such as polystyrene or PBLG requiring 

several days to obtain a homogeneous swelling.
7
 Finally, agar 

gels are compatible with a wide range of pH (2 to 9 at RT) and 

provide the attractive opportunity to record spectra of 

aqueous solutions down to -10 
o
C because they reduce the 

freezing temperature of water.
6a

  

 Slice-selective experiments are gaining popularity as a 

method to study diverse systems where the composition 

varies along the NMR tube.
7,8

 The NMR spectrum of a single 

 

Fig. 1 1D 
1
H spectra of 7 mM β-cyclodextrin in the absence (top) and presence (middle) 

of 1% (w/v) agar gel. Spectrum of the gel alone (bottom) with 10 times increase of the 

vertical scale. 

Page 1 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

Fig. 2 Schematic representation of a section of the NMR tube in a slice-selective 

experiment. During a pulse-field gradient (PFG) of 17.62 G/cm, a linear field gradient 

along the direction of the NMR tube causes a spatial dependence of the Larmor 

frequency relative to the mid-tube frequency of 500 MHz (see the vertical scale in kHz). 

The application of a selective G4 gaussian cascade9 in the middle of the spectrum 

selects a bandwidth of 7.5 kHz (see the excitation profile on the right) which selects 

only a 1 mm slice of the NMR tube (filled in grey in the center). Note the slightly 

different location of the signals depending on the chemical shift (tilt of the selected 

region). This effect could be neglected in our case (< 0.07 mm per ppm), but may 

require a correction when using weaker PFG. 

slice across the NMR tube is obtained by combining a 

controlled inhomogeneity of the B0 field (called pulsed-field 

gradient or PFG) with a frequency selective pulse. Both are 

standard features in any modern NMR spectrometer (Figure 

2). The same principle is used in homodecoupling techniques,
10

 

with one major difference when studying inhomogeneous 

samples is the requirement of less selective pulses (min. 

bandwidth equal to the spectral width) in order to obtain 

information from a discrete region of the sample. Recording 

series of spectra by systematically varying the carrier 

frequency of the selective pulse scans the NMR tube along its 

axis over ca. 1.3 cm (13 slices, approx. 1 mm each). This 

sample height was chosen to ensure a uniform excitation, thus 

avoiding loss of signal intensity at the boundaries of the active 

volume of the detection coil. (see ESI†) The sensitivity of the 

experiment is proportional to the selected volume of the 

individual slice, i.e. ≈ 5 % of a normal 
1
H spectrum. But this 

reduction of the signal-to-noise ratio can be compensated by 

the opportunity to record the full series of 5-20 spectra 

without relaxation recovery period, thus significantly 

decreasing the overall data acquisition time (see ESI† for 

details on interleaved acquisition). This approach was 

successfully used to study kinetics of fast reactions in 

solution,
11

 but we present the first application to the analysis 

of inhomogeneous samples.  

 As a model system to demonstrate that agar gels can be 

used for quantitative analysis we choose the determination of 

the affinity of β-cyclodextrin (CD) for paracetamol. It exhibits a 

simple 1:1 complexation behaviour with a relatively low 

association constant of about 150 M
-1

.
12,13

 The preparation of 

1% gels is straightforward: 4 mg of agar are directly suspended 

in a standard 5 mm NMR tube with 400 µL of the D2O solution 

of cyclodextrin. A 5 min stirring of the suspension in the NMR 

tube immersed in hot water bath (ca. 90 
o
C) with a Pasteur 

pipet insures a perfectly homogeneous solution. The tube is 

then taken out of the bath and fixed in a vertical position. The 

gel forms during a 15 min cooling period towards room 

temperature and is stabilized during 1 h at 4 
o
C.

14
 The 

concentration gradient was obtained after adding 0.2 ml of the 

titrant solution on top of the gel. To evaluate the temporal 

stability and overall performance of the system, gel containing 

7 mM cyclodextrin was titrated with a 70 mM paracetamol 

solution and slice selective spectra were recorded during a 3 

days period. Using interleaved acquisitions, each set of 13 

quantitative spectra, covering 13 mm of sample was acquired 

in c.a. 6 minutes (Figure 3). After 24 hours, simple integration 

of paracetamol aromatic proton signals and H-C(1) from the 

cyclodextrin showed paracetamol/cyclodextrin ratio from 0.7 

to 7.6. The differences of the chemical shifts of H-C(5) and of 

H-C(3) provides the necessary variation to follow the complex

 

Fig. 3 
1
H spectrum (black) and slice-selective spectra of gel, containing CD (only odd slices are shown). The spectra are recorded 24 hours after the addition of paracetamol on the 

top of the gel. Note the slight reduction of the CD signals intensity in slice 1 (30 % decrease in the absolute integral value), indicating diffusion of CD in the titrant volume.  
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Fig. 4 Chemical shift variation of cyclodextrin H-C(5) (red) and H-C(3) (blue) protons 

after 24 h diffusion time of paracetamol in the gel containing CD. For convenience the 

chemical shift variations are presented as ∆δ  = δobs. -  δfree. 

formation (from 30 % to 84 %) over the analysed 1.3 cm of 

concentration gradient (Fig. 4). Beside a sensitivity reduced by 

a factor 20, the only significant difference with spectra 

obtained using a classical titration is a modest broadening of 

the drifting signals caused by the concentration gradient after 

spectral averaging within the slice thickness (see ESI†).  

 The association constant and the complexation induced 

shifts (CIS, ∆δ = δcomplex - δfree) were calculated according to a 

1:1 model by simultaneous least square fitting of the 

experimental data for H-C(3) and H-C(5). Table 1 compares the 

constants determined by the proposed gel titration method 

with the values obtained from conventional solution titration 

and literature data. In all cases excellent agreement is 

observed. 

 Because of its lower sensitivity, our approach is most 

appropriate for systems with concentration in the mM range. 

Optimal titration conditions and necessary diffusion times are 

presented in Table 2, to demonstrate its preferential use for 

systems with association constants between 10 and 10
3
 (see 

Table 2 and ESI† for details on diffusion dynamics). 

 A single-shot NMR gel titration method was introduced to 

study weak molecular interactions in aqueous solutions. It 

utilizes the practical and quickly produced agar gels as medium 

for high-quality liquid state NMR measurements. 

Concentration gradients can be generated by the simple 

addition of the titrant solution on top of the gels. After an 

appropriate diffusion time, the series of spectra can be 

recorded using a slice-selective 1D 
1
H experiment to scan the 

concentration gradients. This approach cannot replace 

standard NMR titration when sensitivity or signal enlargement 

are limiting. But the fact that a full set of spectra can be 

recorded in a few minutes from a single NMR tube should 

make it very useful for qualitative screening of small libraries  

 

 Table 1. Association constants, complexation induced shifts and free energies, 

obtained by diverse methods at 298 K.  

 Ka(M
-1

) ∆δ
a
 H-C(5) 

(ppm) 

∆δ
a
 H-C(3) 

(ppm) 

∆G 

(kJ/mol) 

Gel titration 170 -0.061 -0.167 -12.7 

Solution titration 170 -0.062 -0.159 -12.7 

Fluorescence
 b

 148 n.a. n.a. -12.4 

a
 ∆δ = δcomplex - δfree;

 b
 reference 

13
. 

Table 2. Calculated optimal conditions for gel titration according to Fick’s second law. 

Ka Analyte 

(M) 

Titrant
 
(M)

a 
 Diffusion time 

c 

(hours) Max. Min. 

 

10 

0.001 

0.01 

0.1
 b

 

0.4008 

0.408 

0.48 

0.0252 

0.027 

0.045 

10
d
 

10 

12 

 

100 

0.001 

0.01
 b
 

0.1 

0.0408 

0.048 

0.12 

0.0027 

0.0045 

0.0225 

10 

12 

20 

 

1000 

0.001
 b

 

0.01 

0.1 

0.0048 

0.012 

0.084 

0.00045 

0.00225 

0.02025 

12 

18 

24 

a
 Minimum and maximum concentrations of titrant required to observe complexation 

between 20% and 80%; 
b
 Optimal titration conditions

15
 are presented in bold;

 c
 

Calculated diffusion time of titrant to achieve the desired concentrations at the top and 

the bottom of the gel respectively
 

for a titrant with D = 6.2*10
-4

 mm
2
/s (e.g. 

paracetamol at 25 
o
C); 

of compounds and opens the possibility of high-throughput 

analysis. 
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