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Abstract 

The interaction of small molecules with larger non-covalent assemblies is important 

across a wide range of disciplines. Here, we apply two complementary NMR 

spectroscopic methods to investigate the interaction of various fluorophenol isomers 

with sunset yellow. This latter molecule is known to form non-covalent aggregates in 

isotropic solution, and form liquid crystals at high concentrations. We utilise the 

unique fluorine-19 nucleus of the fluorophenol as a reporter of the interactions via 

changes in both the observed chemical shift and diffusion coefficients. The data are 

interpreted in terms of the indefinite self-association model and simple modifications 

for the incorporation of a second species into an assembly. A change in association 

mode is tentatively assigned whereby the fluorophenol binds end-on with the sunset 

yellow aggregates at low concentration and inserts into the stacks at higher 

concentrations.  

[Abstract word count: 134] 



 3 

Introduction 

The non-covalent self-association of molecules in solution is an important 

phenomenon across a range of areas in the chemical and biochemical sciences, from 

liquid crystal science and nanoscale engineering, to the formation of pathogenic 

protein assemblies.1,2 Investigating and understanding the driving forces responsible 

for these assembly processes is therefore extremely important as this may provide 

information which enables the aggregation to be controlled3,4 or prevented.5-7 The 

interactions of small molecules with aggregates and assemblies is also an area of 

considerable interest, with applications ranging from hydrogen storage in metal 

organic frameworks8 to the various assays used for monitoring the growth of amyloid 

fibrils.9 In this latter case, the formation and assembly of protein fibrils is typically 

monitored using the dye thioflavin T in a fluorescence-based assay.2 Binding of the 

dye to mature fibrils results in an increase in the fluorescence quantum yield and 

hence an increase in the recorded signal. While this assay is widely used within the 

fibril research community, the nature of the interaction between the dye and fibril is 

still the subject of much debate.9,10 Small molecule-aggregate interactions has also 

found use in the resolution of pairs of enantiomers in NMR spectroscopy.11-13 Chiral 

liquid crystal phases, in which the liquid crystal director aligns in the strong static 

magnetic field,13 are added to a sample, resulting in different strength interactions for 

each enantiomer, enabling their resolution in the NMR spectrum. While this 

application is not (yet) considered routine in NMR spectroscopy, it does demonstrate 

the potential utility of exploiting small molecule-aggregate interactions, and a need to 

understand the origin and mechanisms of these interactions.  
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NMR spectroscopy is (almost) uniquely placed as an analytical tool, being able to 

offer an atomic level of detail on molecular interactions via the modulation of easily 

measurable parameters such as chemical shift,14 as well as being able to access bulk 

physical parameters characterising the sample such as diffusion coefficients and 

microscopic sample mobility.15,16  

 

The aggregation behaviour of sunset yellow FCF (SSY, sodium (E)-6-hydroxy-5-((4-

sulfonatophenyl) diazenyl) naphthalene-2-sulfonate) in both isotropic solution and its 

liquid crystal phases has been well studied using a variety of techniques, including x-

ray,17-19 optical scattering18 and NMR spectroscopy.20-22 The association is widely 

thought to be head-to-tail stacking of the monomer units with a slight twist, typical of 

H-type aggregation.23 It therefore presents an ideal system for investigating the 

interaction of non-covalent assemblies and small reporter molecules as a function of 

the concentration of the aggregating species, and hence aggregate size. The small 

molecule probes used were chosen to share some structural characteristics with sunset 

yellow and possess a unique magnetically-active reporter nucleus not present in the 

sunset yellow. The three structural isomers of fluorophenol (nFP) therefore presented 

as ideal candidates. The phenol moiety of nFP closely mimics the sulfated phenyl 

group of SSY and the unique magnetic reporter is provided by the 19F, which is 100% 

abundant, spin-1/2, with excellent receptivity, being 0.941 of that for 1H.24 The 

structures of sunset yellow and the flurophenols, with the atom numbering used, are 

shown in Figure 1. Based on previous studies of SSY aggregation using optical18 and 

NMR spectroscopies,22 addition of the nFP probe at a concentration of 1 mol% should 

result in typically no more than around one to two probe molecules per aggregate in 
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the solution, hence both probe-probe interactions and any potential disruption of the 

sunset yellow aggregates should be expected to be minimal. 

 

In this paper we describe an NMR-based investigation of the interaction between 

assemblies of the well studied azo-dye sunset yellow FCF,17,18,20-22 in its isotropic 

phase, and a small “probe” molecule fluorophenol, present at low relative 

concentration. Changes in the observed diffusion coefficients and chemical shifts 

were monitored as a function of sample composition for both the probe molecules and 

sunset yellow aggregates. The results are interpreted in terms of the non-disruptive 

interaction between the probe and the sunset yellow assemblies, assuming that there is 

fast exchange both within the sunset yellow aggregates and with the fluorophenol 

interaction. The chemical shift changes are modelled using a simple indefinite 

association model,14 modified for the incorporation of a second molecule into the 

assemblies. 

 

Materials and Methods 

Sample Preparation 

All chemicals were purchased from Sigma Aldrich (Dorset, UK), with the exception 

of deuterium oxide which was obtained from either Goss Scientific (Cheshire, UK) or 

Sigma Aldrich. Sunset Yellow FCF was purified by two rounds of ethanol 

precipitation prior to use.17,18 All other chemicals were used as obtained. A stock 

solution of 961 mM sunset yellow was prepared with the concentration determined by 

UV/vis spectrophotometry using a molar extinction coefficient of 8270 M-1 cm-1 at 

523 nm, determined using samples of various concentrations at multiple pathlengths. 

This stock solution was then split into aliquots, into some of which were added 
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various isomeric monofluorophenol probes at a concentration of 1 mol%. These 

solutions were then diluted appropriately to obtain a series of samples with the desired 

final concentrations of sunset yellow both with, and without, the small molecule 

probes being present. At all concentrations the samples were confirmed to be in the 

isotropic phase by the observation of a singlet in the deuterium (2H) NMR spectrum. 

The presence of any mesophase would have resulted in a quadrupole splitting of the 

D2O solvent resonance due to the anisotropic nature of the sample.20 

 

NMR Spectroscopy 

All NMR data were acquired using a Varian VNMRS 600 spectrometer (Yarnton, 

UK) equipped with a X{1H-19F} broadband probe including an actively shielded z-

gradient capable of 0.7 T m-1. The sample temperature was maintained at 298 K for 

all experiments. Deuterium spectra (2H) were obtained using the field-frequency lock 

channel. NMR data were processed using either Mnova NMR (Santiago de 

Compostela, Spain) or DOSY Toolbox25 as appropriate. Diffusion ordered spectra 

were obtained using the Oneshot sequence26 with a typical diffusion labelling period 

Δ of 100 ms in duration. 16 or 32 pulsed field gradient points were used with 

intensities between 0.0452 and 0.5650 T m-1, equally spaced in g2.  The gradient 

durations used were typically between 1.5 and 3 ms. The stimulated echo attenuation 

data were fitted to the Stejskal-Tanner equation: 

s g( ) = s 0( )exp −γ 2g2δ 2D "Δ( )  (1) 

where γ is the magnetogyric ratio of the diffusing nucleus, g and δ describe the 

strength and duration of the applied magnetic field gradient, and Δ’ is the diffusion 

labelling period  suitably modified for the Oneshot sequence.26  
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Chemical Shift Variation Modelling 

The concentration dependent 1H chemical shifts of sunset yellow were modelled using 

the isodesmic model14 which, for clarity, will be described here briefly. In the fast 

exchange limit, the observed chemical shift can be written as the weighted average of 

the chemical shifts for the free monomer δmon, the molecules at the ends δend and those 

in the interior of the aggregates δint: 

€ 

δobs = αδmon + λδend + ξδ int  (2) 

where α, λ and ξ are the mole fractions of the free monomer and molecules at the ends 

and in the interior of the stacks respectively. These mole fractions by necessity sum to 

unity. This approach considers only nearest-neighbour contributions to the change in 

chemical shift. The inclusion of next-nearest-neighbour interactions has be shown to 

offer no significant improvement in modelling or understanding indefinite 

association.14 It can be shown that the monomer mole fraction in solution at a given 

concentration, is: 

€ 

α =
2KeqcT +1- 4KeqcT +1

2 KeqcT( )
2  

(3) 

where cT is the total concentration of the solution and assuming that the equilibrium 

constants Keq are equal for each subsequent addition of a monomer to the growing 

aggregate. Similarly, the mole fractions λ and ξ can be derived:14  

€ 

λ =
2α 2KeqcT
1-αKeqcT

ξ =
α 3Keq

2 cT
2

1-αKeqcT( )
2

 

(4) 

Combining eq 2, 3 and 4, with the additional simplifying assumption that the 

chemical shift of a molecule at the end of the stack is just the average of that for the 
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free monomer and a molecule in the interior, i.e. δend = (δmon + δint) / 2, leads to the 

following model for the observed chemical shift after algebraic manipulation:14 

€ 

δobs = δmon + δ int −δmon( )
2KeqcT +1- 4KeqcT +1

2KeqcT
 

(5) 

This model can then be fitted to the concentration dependent changes in the observed 

chemical shift using standard least-squares methods,27 with all proton environments 

fitted simultaneously. 

 

 

The incorporation of a second molecule B, present at low concentration, into stacks of 

another A, is also treated by Martin.14 In this case, two equilibria are considered: the 

association of a molecule of B with the end of the stack of A, denoted Ae; and the 

insertion of B into a growing stack of A, which can be considered to be equivalent to 

joining two ends together. These equilibria are given below: 

€ 

B + Ae ⇔ BAe    K1 =
b
a
Ae[ ]

BAe + Ae ⇔ AeBAe    K2 =
c
b
Ae[ ]

 

(6) 

where a, b and c are the mole fractions of the probe molecule B in free solution, at the 

ends and within the stacks respectively. The concentration of the ends of the stacks of 

A can be shown to be:14 

€ 

Ae[ ] = 2cT 1−αKeqcT( ) (7) 

where Keq is the equilibrium constant for the aggregation of A and α is the mole 

fraction of A monomers in the solution (eq 3). The mole fractions a, b and c are given 

by:14 



 9 

€ 

a =
1

1+K1 Ae[ ] +K1K2 Ae[ ]2

b =
K1 Ae[ ]

1+K1 Ae[ ] +K1K2 Ae[ ]2

c =
K1K2 Ae[ ]2

1+K1 Ae[ ] +K1K2 Ae[ ]2

 

(8) 

As for the case of the indefinite association of a single species, the observed chemical 

shift for the probe molecule B, in the presence of assemblies of A, is given by a 

similar expression to eq 2: 

€ 

δobs
B = aδmon

B + bδend
B + cδ int

B  (9) 

The underlying assumptions behind this approach are that the exchange of B is in the 

fast exchange limit, and that the presence of the second molecule does not perturb the 

stacks of A. Weller has presented a more sophisticated model for when the 

assumption of an excess of A no longer holds,28 however, this approach is not needed 

in the analysis performed here. Data analysis was performed using the open source 

SciPy modules of the python programming language,29  

 

Results and Discussion 

NMR investigations of aggregating systems typically utilises concentration dependent 

changes in chemical shifts to reveal the underlying equilibria.30,31 Bulk parameters, 

such as diffusion coefficients, have also been demonstrated to be useful.22,32,33 In this 

study, a combination of both diffusion measurements and changes in the chemical 

shift of the 19F moiety on the probe molecule are used to probe the interaction 

between of fluorophenol isomers with sunset yellow assemblies. 

 

Diffusion Behaviour 
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The results of NMR diffusion measurements performed on a series of sunset yellow 

samples, with varying concentration, containing 1 mol% 3-fluorophenol as the small 

molecule probe, are shown in Figure 2. As reported previously, the diffusion 

coefficients observed for sunset yellow decrease with increasing concentration due to 

the formation of large assemblies in solution.22 This trend is observed both in the 

presence and absence of the 3-fluorophenol, with the data obtained from the two 

series of samples overlaying extremely well (shown as the filled triangle and circles in 

Figure 2), indicating that the presence of the small molecule probe does not appear to 

affect the diffusion behaviour, and by inference, the aggregation state of the sunset 

yellow. The 1H signals of the fluorophenol are difficult to observe in the presence of 

sunset yellow due to large differences in concentration and spectral crowding. 

Monitoring its diffusion properties via the fluorine substituent, however, allows the 

behaviour of the probe to be monitored without the interference of “background” 

signals arising from the sunset yellow. The observed diffusion coefficients of the 19F 

probe with SSY are shown as the open circles in Figure 2. These follow a similar 

trend to that observed for SSY, that is, the diffusion coefficients decrease with 

increasing sunset yellow concentration. The obtained values for 3FP and SSY are, 

however, not the same. This suggests that the probe molecules, if they are associated 

with the SSY aggregates, spend at least some portion of their time disassociated in 

free solution. An alternative explanation is that there is no association between the 

fluorophenol and sunset yellow and that the trend in probe diffusion coefficient may 

be the result of increasing effective viscosity as the concentration of sunset yellow 

increases, or self-association of the fluorophenol molecules themselves. In order to 

determine whether this was the case, the diffusion coefficient of the probe was 

measured in the absence of sunset yellow, at the same relative concentration (i.e. 1 
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mol% of the SSY concentration). These results are plotted as a function of the 

corresponding sunset yellow concentration and shown as the filled squares in Figure 

2. These data show that there is no significant detectable change in the diffusion 

coefficient over the concentration range studied, indicating that there is little self-

association of the probe molecules at the concentrations of interest and hence this is 

not responsible for the variation in its diffusion coefficient when in the presence of 

sunset yellow. 

 

In order to determine the influence of the larger microscopic viscosity at increasing 

sunset yellow concentrations, the diffusion coefficient of the residual HOD signal was 

also measured (see Figure S1 in Supplemental Information). This showed a linear 

decrease with increasing sunset yellow concentration, reflecting an effective increase 

in the solution microscopic viscosity. This variation in solvent diffusion coefficient 

was used to apply a “viscosity correction” to the diffusion coefficients for 3-

fluorophenol on its own, as follows: 

D3FP,free
corr =

DHOD

DHOD
0 D3FP, free  

(10) 

where DHOD is the diffusion coefficient of the HOD signal at a given concentration of 

sunset yellow and DHOD
0 is the same extrapolated to infinite dilution. This viscosity-

corrected diffusion data is shown as the open squares in Figure 2. These data show 

that while the diffusion coefficients for the 19F probe-only samples do now decrease 

with increasing sunset yellow concentration, it does not do so in a manner which 

would account for the observed trend in the case of the probe molecule plus sunset 

yellow. The fact that the probe molecule’s diffusion coefficient in the presence of 

SSY falls midway between that of each on its own suggests that, in the probe-sunset 

yellow system, the observed probe diffusion coefficient D3FP represents an average of 
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the free probe in solution D3FP,free (viscosity corrected) and the sunset yellow 

aggregates interacting with the probe molecules DSSY:16 

D3FP = χ freeD3FP,free
corr + χascDSSY  (11) 

with the requirement that χfree + χasc = 1. This expression is valid in the case of fast 

exchange between the free and bound probes on the timescale of the diffusion 

labelling period Δ and therefore results in the observed monoexponential behaviour of 

the measured echo attenuation profiles.16 Similar results were obtained for the two 

other structural isomers of fluorophenol (see Figure S2 in Supplemental Information). 

 

The data presented in Figure 2 allows the degree of association between the probe 

molecules and the sunset yellow aggregates to be determined via rearrangement of eq 

11: 

χasc =
D3FP −D3FP,free

corr

DSSY −D3FP,free
corr  

(12) 

The results of this analysis, performed for each of the three structural isomers of 

fluorophenol, is shown in Figure 3. Two features are readily apparent from these data: 

firstly, the three probe molecule isomers show similar qualitative and quantitative 

trends in their interaction with the sunset yellow aggregates as viewed by the 

diffusion NMR data, suggesting that the position of the fluorine moiety has little 

effect on the interaction between the fluorophenol and sunset yellow; and secondly, 

the interaction behaviour shows two distinct regions as a function of SSY 

concentration with the changeover occurring at approximately 70 mM. A similar 

observation has been made previously in a study of the aggregation properties of 

various chlorhexidine salts in aqueous solution.34 This two-region behaviour of the 
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associated probe-SSY mole fraction as a function of concentration was modelled as a 

biexponential function of SSY concentration using: 

€ 

χasc = a1 exp −
cT
b1

$ 

% 
& 

' 

( 
) + a2 exp −

cT
b2

$ 

% 
& 

' 

( 
) + a0  

(13) 

where cT is the concentration of sunset yellow. The parameters obtained from these 

fits are given in Table 1 and the relative percentage amplitudes of the two components 

in Table 2. Interestingly there is an apparent correlation between the b2 parameter 

describing the second exponential component and the pKa of the fluorophenol 

probes.35 The b2 parameter increases in magnitude as the fluorophenol decreases in 

acidity. The change over in dominant exponential component also appears to correlate 

with the fluorophenol probe pKa. There is no such correlation apparent for the b1 

parameter, with it being similar for both 2FP and 3FP, although, there is an increase 

of a factor of ~3 for the 4-fluorophenol isomer. The differences in these parameters 

may be related to the hydrogen bonding ability of the different isomers,36,37 which, in 

addition to the π-π stacking interaction,38 is presumed to be important in the 

interaction between the fluorophenols and sunset yellow. Hydrogen bonding 

interactions have also been shown to play a role in the interaction between various 

fluorophenols and alkoxystilazole-based liquid crystal forming systems.35 

 

Chemical Shift Changes 

The variation of the 1H chemical shifts of sunset yellow and other sulfonated azo-dyes 

as a function of sample concentration is well documented.20,39 Typically, changes in 

chemical shift resulting from self association are described in terms of an 

isodesmic14,30,40,41 or indefinite cooperative model.14,30 For the samples studied here, 

similar trends to those reported in the literature20,21 are observed for the concentration 
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dependence of the 1H chemical shifts of sunset yellow both in the absence and 

presence of the three fluorophenol probes. At all concentrations, the observation of a 

single set of resonances is consistent with the monomer-aggregate equilibrium being 

in the fast exchange regime on the NMR timescale.20-22 There is a general monotonic 

decrease in the observed 1H chemical shift as a function of increasing concentration as 

shown in Figure 4(a). This results from an increase in shielding afforded by the π-π 

aromatic interaction stacking upon self association.20 Upon addition of the 

fluorophenol probes there is little observable effect on the absolute values of the 

sunset yellow 1H chemical shifts or on their change as a function of concentration. As 

an example, the data for SSY plus 3-fluorophenol is shown in Figure 4(b). These 

chemical shift data can be analysed in terms of the isodesmic model given in eq 5, 

resulting in the equilibrium constants presented in Table 3. The equilibrium constants 

are broadly similar, however, as with the diffusion data presented above, there is a 

correlation between the equilibrium constants returned and the pKa of the 

fluorophenol.35 These values suggest that the presence of the fluorophenol leads to a 

slight increase in the stability of the sunset yellow assemblies, presumably involving 

hydrogen bonding in addition to the π-π interactions. More recently,21 it has been 

suggested that the isodesmic model is not necessarily a good description of the 

assembly process in sunset yellow, implying the underlying assumption of a single 

equilibrium constant for each microscopic step is not valid, i.e. the addition of the 

next monomer unit to the aggregate is not independent of the number of monomers in 

the aggregate.21 

 

The variation in the fluorine-19 chemical shift of the fluorophenol probes 

demonstrates a markedly different trend. Figure 5(a) shows the 19F spectrum of the 3-
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fluorophenol probe molecule, present at 1 mol%, over the range of sunset yellow 

concentrations. Initially, as the concentration of sunset yellow increases there is a 

change to more negative chemical shift. This is consistent with increased shielding of 

the 19F nucleus as it interacts with the π-system of the sunset yellow aggregates,20 

most likely via π-π stacking interactions.38 Once the sunset yellow concentration 

reaches around 100 mM, however, there is a change in the behaviour of the 19F 

chemical shift. Above this concentration the chemical shift becomes more positive 

with increasing concentration, indicating that there is an increase in the deshielding 

contribution to the 19F chemical shift. The observed chemical shifts for each of the 

three probe molecules are plotted in Figure 5(b). In all cases similar trends are seen, 

both in terms of the magnitude of the observed changes in chemical shift as a function 

of concentration and the point at which the trend switches over from a shielding to 

deshielding. The only difference is the absolute value of the chemical shift, which is 

consistent with the substitution pattern around the phenol ring.42 It is also important to 

note that, since fluoroaromatic chemical shifts are extremely sensitive to environment, 

particularly with regard to solvent dependence,42 there was no observable change in 

the 19F chemical shift in the absence of sunset yellow for any of the fluorophenol 

probes over the concentration range studied (see Figure S4 in Supplemental 

Information). 

 

The isodesmic model used to analyse the concentration dependent changes in the 1H 

chemical shifts of sunset yellow can be modified to account for the incorporation of a 

second molecular species into aggregate stacks.14 This situation describes the 

proposed association of the fluorophenol probes with sunset yellow. The results of 

applying this modified isodesmic model, as described in eq 9, to the observed changes 
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in 19F chemical shift are shown as the solid lines in Figure 5(b). The modified 

isodesmic model comprises two equilibria: one for the association of a probe 

molecule with the end of a sunset yellow stack; and a second for the incorporation of 

a fluorophenol within the stack itself. This latter process is equivalent to the joining of 

two ends of two stacks together via a probe molecule. The equilibrium constants 

obtained from these fits are given in Table 4. These results suggest that at low 

concentrations, when the stacks of sunset yellow are generally short, i.e. less than 

around 100 monomer units,22 the predominant interaction of the fluorophenol is with 

the ends of the sunset yellow stack. This results in an increase in shielding due to ring 

current effects, and hence a change to more negative chemical shifts. The relative 

proportion of stack-ends is inversely related to the length of the stack. Above the 

change over concentration, around 100 mM, where the 19F chemical shift changes to 

more positive values, the sunset yellow stacks are generally long, comprising 

hundreds of molecules.22 Under these conditions, the relative concentration of stack 

ends is small, and hence the fluorophenol probe molecules are more likely to be found 

incorporated into the stacks. The deshielding effect observed here would suggest that 

the fluorine group is typically found on the interior of the stacks and hence deshielded 

via ring current effects.43 

 

In order to gain further insight into the nature of the interaction between the 

fluorophenol probe and sunset yellow, 1H-1H NOESY and 19F-1H HOESY44 

(Heteronuclear Overhauser Effect SpectroscopY) experiments were attempted. The 

aim was to look for through space correlations which would shed light on the relative 

orientation of the fluorophenol molecule when inserted into, or bound to the end of, a 

sunset yellow aggregate. Unfortunately, as with similar experiments attempted solely 
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on sunset yellow,22 these experiments were not successful, principally due to the low 

concentration of the fluorophenol probe resulting in low sensitivity in the 19F-1H 

HOESY experiments. Increasing the concentration of fluorophenol would risk 

disrupting the sunset yellow aggregation and hence perturbing the processes under 

investigation. The degree to which disruption occurs is currently under investigation. 

 

There are a number of reports in the literature describing aromatic stacking 

interactions between molecules with similar structures such as pyrimidines and 

purines,45,46 purine and indoles,47 and caffeine and adenosine.28 Several of these 

studies employ more sophisticated versions of the isodesmic model,28 incorporating 

AB-type interactions in addition to AA- and BB-type. Weller also develops a model 

where the aggregating molecule, i.e. species A, is no longer in excess and hence the 

modified isodesmic model used here cannot be applied.28 These systems are in 

general investigated via changes in the 1H chemical shifts, and do not show the same 

biphasic trends as seen with the 19F chemical shifts presented here. This is likely due 

to the investigated pairs of molecules being more similar, differing only by the 

placement of methyl or hydroxyl groups, and therefore they present similar modes of 

interaction. In the case of the system investigated here, i.e. fluorophenol and sunset 

yellow, the monomer units and probe molecules have greater differences in size and 

gross functionality, resulting in the possibility that fluorophenol undertakes a different 

binding mode compared to the addition of another sunset yellow monomer to the 

stack. 

 

Conclusions 
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The interaction of small molecules with self-assembling or aggregating systems is 

important across a wide range of research areas. In this article we have investigated 

the interaction of three isomers of fluorophenol with sunset yellow, which is known to 

form aggregates of tens to hundreds of molecules while in isotropic solution. The 

addition of fluorophenol at a low relative concentration of 1 mol%, results in 

extremely limited disruption of the sunset yellow aggregation as judged from the 

concentration dependence of both the diffusion coefficients and 1H chemical shifts 

observed for sunset yellow. The 19F-detected diffusion measurements for the 

fluorophenol probe molecules show that its addition results in a fast exchange process 

between interacting with the aggregates and being in free solution, rather than total 

incorporation into the sunset yellow aggregates. The observed 19F chemical shifts 

show a biphasic trend, with its change over point at a similar concentration to the 

changes in the associated mole fraction derived from the diffusion measurements. The 

shielding-deshielding trend in 19F chemical shift is distinct from previously reported 

chemical shift trends for the association of pairs of similarly structured molecules, 

however, simple modification of the isodesmic model can be used to account for it. 

The different response of the 19F chemical shifts contrasted with 1H may be the result 

of differences in the nature of the π-π interaction as a result of the fluorine substituent 

and differences in the molecular electric quadrupole moments.48-50 Unfortunately, due 

to the low concentrations involved and numerous exchange processes occurring in 

this system, Overhauser effect experiments performed with the aim of gaining further 

insight into the nature of the fluorophenol-SSY interaction were unsuccessful. The 

interaction of similar probe molecules with sunset yellow containing other NMR-

active nuclei, such as phosphorous-31, are currently underway. 

 



 19 

Acknowledgements 

The authors thank Matthew Renshaw for collecting the initial sunset yellow data, 

Rebecca Joyce and Dr Ian Crossley for helpful discussions and Dr Tim Claridge for 

assistance with the 19F-1H HOESY measurements. This work was supported by the 

University of Sussex and the EPSRC (EP/H025367/1). 

 

Supporting Information Available: Data for the HOD diffusion measurements and 

corresponding diffusion data for 2- and 4-fluorophenol structural isomers, along with 

19F NMR data. This information is available free of charge via the Internet at 

http://pubs.asc.org. 

 

References 

 (1) Bernstein, S. L.; Dupuis, N. G.; Lazo, N. D.; Wyttenbach, T.; Condron, 

M. M.; Bitan, G.; Teplow, D. B.; Shea, J.-E.; Ruotolo, B. T.; Robinson, C. V.; 

Bowers, M. T. Amyloid-Beta Protein Oligomerisation and the Importance of 

Tetramers and Dodecamers in the Aetiology of Alzheimer's Disease. Nature Chem. 

2009, 1, 326-331. 

 (2) Rambaran, R. N.; Serpell, L. C. Amyloid Fibrils. Prion 2008, 2, 112-

117. 

 (3) Azami-Movahed, M.; Shariatizi, S.; Sabbaghian, M.; Ghasemi, A.; 

Ebrahim-Habibi, A.; Nemat-Gorgani, M. Heme Binding Site in Apomyoglobin May 

Be Effectively Targeted with Small Molecules to Control Aggregation. Int. J. 

Biochem. Cell B. 2013, 45, 299-307. 



 20 

 (4) Wong, E. H.; Irwin, J. A.; Kwon, I. Halogenation Generates Effective 

Modulators of Amyloid-Beta Aggregation and Neurotoxicity. PLoS One 2013, 8, 

e57288. 

 (5) Yoshida, W.; Kobayashi, N.; Sasaki, Y.; Ikebukuro, K.; Sode, K. 

Partial Peptide of Alpha-Synuclein Modified with Small-Molecule Inhibitors 

Specifically Inhibits Amyloid Fibrillation of Alpha-Synuclein. Int. J. Mol. Sci. 2013, 

14, 2590-2600. 

 (6) Gomes, C. M. Protein Misfolding in Disease and Small Molecule 

Therapies. Curr. Topics Med. Chem. 2012, 12, 2460-2469. 

 (7) Kroth, H.; Ansaloni, A.; Varisco, Y.; Jan, A.; Sreenivasachary, N.; 

Rezaei-Ghaleh, N.; Giriens, V.; Lohmann, S.; Lopez-Deber, M. P.; Adolfsson, O.; 

Pihlgren, M.; Paganetti, P.; Froestl, W.; Nagel-Steger, L.; Willbold, D.; Schrader, T.; 

Zweckstetter, M.; Pfeifer, A.; Lashuel, H. A.; Muhs, A. Discovery and Structure 

Activity Relationship of Small Molecule Inhibitors of Toxic Beta-Amyloid-42 Fibril 

Formation. J. Biol. Chem. 2012, 287, 34786-34800. 

 (8) Cook, T. R.; Zheng, Y.-R.; Stang, P. J. Metal-Organic Frameworks and 

Self-Assembled Supramolecular Coordination Complexes: Comparing and 

Contrasting the Design, Synthesis and Functionality of Metal-Organic Materials. 

Chem. Rev. 2013, 113, 734-777. 

 (9) Groenning, M. Binding Mode of Thioflavin T and Other Molecular 

Probes in the Context of Amyloid Fibrils - Current Status. J. Chem. Biol. 2010, 3, 1-

18. 

 (10) Khurana, R.; Coleman, C.; Ionescu-Zanetti, C.; Carter, S. A.; Krishna, 

V.; Grover, R. K.; Roy, R.; Singh, S. Mechanism of Thioflavin T Binding to Amyloid 

Fibrils. J. Struct. Biol. 2005, 151, 229-238. 



 21 

 (11) Prabhu, U. R.; Chaudhari, S. R.; Suryaprakash, N. Visualization of 

Enantiomers and Determination of Homo- and Hetero-Nuclear Residual Dipolar and 

Scalar Couplings: The Natural Abundant C-13 Edited J/D-Resolved NMR 

Techniques. Chem. Phys. Lett. 2010, 500, 334-341. 

 (12) Prabhu, U. R.; Suryaprakash, N. Application of Z-Cosy Experiment 

and Its Variant for Accurate Chiral Discrimination by H-1 NMR. J. Magn. Reson. 

2010, 202, 217-222. 

 (13) Potrzebowski, M. J.; Jeziorna, A.; Kazmierski, S. Nmr Studies of 

Chiral Organic Compounds in Non-Isotropic Phases. Concepts Magn. Reson. 2008, 

32A, 201-218. 

 (14) Martin, R. B. Comparisons of Indefinite Self-Association Models. 

Chem. Rev. 1996, 96, 3043-3064. 

 (15) Johnson, C. S. Diffusion Ordered Nuclear Magnetic Resonance 

Spectroscopy: Principles and Applications. Prog. NMR. Spec. 1999, 34, 203-256. 

 (16) Price, W. S. Nmr Studies of Translational Motion; Cambridge 

University Press, 2009. 

 (17) Park, H.-S.; Kang, S.-W.; Tortora, L.; Nastishin, Y.; Finotello, D.; 

Kumar, S.; Lavrentovich, O. D. Self-Assembly of Lyotropic Chromonic Liquid 

Crystal Sunset Yellow and Effects of Ionic Additives. J. Phys. Chem. B 2008, 112, 

16307-16319. 

 (18) Horowitz, V. R.; Janowitz, L. A.; Modie, A. L.; Heiney, P. A.; 

Collings, P. J. Aggregation Behaviour and Chromonic Liquid Crystal Properties of an 

Anionic Monoazo Dye. Phys. Rev. E 2005, 72, 041710. 



 22 

 (19) Joshi, L.; Kang, S.-W.; Agra-Kooijman, D. M.; Kumar, S. 

Concentration, Temperature, and pH Dependence of Sunset-Yellow Aggregates in 

Aqueous Solution: An X-Ray Invesitgation. Phys. Rev. E. 2009, 80, 041703. 

 (20) Edwards, D. J.; Jones, J. W.; Lozman, O.; Ormerod, A. P.; Sintyureva, 

M.; Tiddy, G. J. T. Chromonic Liquid Crystal Formation by Edicol Sunset Yellow. J. 

Phys. Chem. B 2008, 112, 14628-14636. 

 (21) Jones, J. W.; Lue, L.; Ormerod, A. P.; Tiddy, G. J. T. The Influence of 

Sodium Chloride on the Self-Association and Chromonic Mesophase Formation of 

Edicol Sunset Yellow. Liq. Cryst. 2010, 37, 711-722. 

 (22) Renshaw, M. P.; Day, I. J. NMR Characterization of the Aggregation 

State of the Azo Dye Sunset Yellow in the Isotropic Phase. J. Phys. Chem. B 2010, 

114, 10032-10038. 

 (23) Park, H.-S.; Kang, S.-W.; Tortora, L.; Kumar, R.; Lavrentovich, O. D. 

Condensation of Self-Assembled Lyotropic Chromonic Liquid Crystal Sunset Yellow 

in Aqueous Solutions Crowded with Polyethylene Glycol and Doped with Salt. 

Langmuir 2011, 27, 4164-4175. 

 (24) Brevard, C.; Granger, P. Handbook of High Resolution Multinuclear 

Nmr; Wiley-Interscience: Chichester, 1981. 

 (25) Nilsson, M. The Dosy Toolbox: A New Tool for Processing PFG 

NMR Diffusion Data. J. Magn. Reson. 2009, 200, 296-302. 

 (26) Pelta, M. D.; Morris, G. A.; Stchedroff, M. J.; Hammond, S. J. A One-

Shot Sequence for High Resolution Diffusion-Ordered Spectroscopy. Magn. Reson. 

Chem. 2002, 40, S147-S152. 

 (27) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. 

Numerical Recipes in Fortran 77; Cambridge University Press: Cambridge, 1992. 



 23 

 (28) Weller, K.; Schutz, H.; Petri, I. Thermodynamical Model of Indefinite 

Mixed Association of Two Components and NMR Data Analysis for Caffeine-Amp 

Interaction. Biophys. Chem. 1984, 19, 289-298. 

 (29) Jones, E.; Oliphant, T.; Peterson, P. Scipy: Open Source Scientific 

Tools for Python, 2001. 

 (30) Davies, D. B.; Djimant, L. N.; Veselkov, A. N. 1H NNR Investigation 

of Self-Association of Aromatic Drug Molecules in Aqueous Solution. J. Chem. Soc. 

Faraday Trans. 1996, 92, 383-390. 

 (31) Veselkov, A. N.; Lantushenko, A. O.; Veselkov, D. A.; Davies, D. B. 

Structure and Thermodynamic Analysis of Self-Association of Phenanthridine Dyes 

in Aqueous Solution by 1H NMR Spectroscopy. J. Struct. Chem. 2002, 43, 234-241. 

 (32) Price, W. S.; Tsuchiya, F.; Arata, Y. Lysozyme Aggregation and 

Solution Properties Studied Using PGSE NMR Diffusion Measurements. J. Am. 

Chem. Soc. 1999, 121, 11503-11512. 

 (33) Price, W. S.; Tsuchiya, F.; Arata, Y. Time-Dependence of Aggregation 

in Crystallizing Lysozyme Solutions Probed Using NMR Self-Diffusion 

Measurements. Biophys. J. 2001, 80, 1585-1590. 

 (34) Zeng, P.; Zhang, G.; Rao, A.; Bowles, W.; Wiedmann, T. S. 

Concentration Dependent Aggregation Properties of Chlorhexidine Salts. Int. J. 

Pharm. 2009, 367, 73-78. 

 (35) Wong, J. P.-W.; Whitwood, A. C.; Bruce, D. W. Hydrogen-Bonded 

Complexes between 4-Alkoxystilbazoles and Fluorophenols: Solid-State Structures 

and Liquid Crystallinity. Chem. Eur. J. 2012, 18, 16073-16089. 



 24 

 (36) John, U.; Kuriakose, S.; Nair, K. P. R. Vibrational Overtone Spectra of 

O-Fluorophenol and the "Anomalous" Order of Intramolecular Hydrogen Bonding 

Strengths. Spectrochim. Acta A 2007, 68, 331-336. 

 (37) Moreira, M. A.; Cormanich, R. A.; de Rezende, F. M. P.; Silla, J. M.; 

Tormena, C. F.; Rittner, R.; Ramalho, T. C.; Freitas, M. P. Theoretical and Infrared 

Studies on the Conformations of Monofluorophenols. J. Mol. Struct. 2012, 1009, 11-

15. 

 (38) Hunter, C. A.; Sanders, J. K. M. The Nature of pi-pi Interactions. J. 

Am. Chem. Soc. 1990, 112, 5525-5534. 

 (39) Tait, K. M.; Parkinson, J. A.; Gibson, D. I.; Richardson, P. R.; 

Ebenezer, W. J.; Hutchings, M. G.; Jones, A. C. Structural Characterisation of the 

Photoisomers of Reactive Sulfonated Azo Dyes by NMR Specctroscopy and DFT 

Calculations. Photochem. Photobiol. Sci. 2007, 6, 1010-1018. 

 (40) Hazafy, D.; Salvia, M.-V.; Mills, A.; Hutchings, M. G.; Evstigneev, M. 

P.; Parkinson, J. A. NMR Analysis of Nile Blue (Ci Basic Blue 12) and Thionine (Ci 

52000) in Solution. Dyes Pigments 2011, 88, 315-325. 

 (41) Neumann, B.; Huber, K.; Pollmann, K. A Comparative Experimental 

Study of the Aggregation of Acid Red 266 in Aqueous Solution by Use of 19F-NMR, 

UV/Vis Spectroscopy and Static Light Scattering. Phys. Chem. Chem. Phys. 2000, 2, 

3687-3695. 

 (42) Dolbier, W. R. Guide to Fluorine NMR for Organic Chemists; John 

Wiley and Sons: Hoboken, New Jersey, 2009. 

 (43) Gregory, D. H.; Gerig, J. T. Prediction of Fluorine Chemical Shifts in 

Proteins. Biopolymers 1991, 31, 845-858. 



 25 

 (44) Combettes, L. E.; Clausen-Thue, P.; King, M. A.; Odell, B.; 

Thompson, A. L.; Gouverneur, V.; Claridge, T. D. W. Conformational Analysis of 

Fluorinated Pyrrolidines Using 19F-1H Scalar Couplings and Heteronuclear Noes. 

Chem. Eur. J. 2012, 18, 13133-13141. 

 (45) Aradi, F. Comparative 1H NMR Chemical Shift Study on the Stacking 

Interaction of Pyrimidine with Purine and 6-Methylpurine. Biophys. Chem. 1992, 44, 

143-150. 

 (46) Aradi, F. Effect of Methylation on the Pyrimidine-Pyrimidine Stacking 

Interaction Studied by 1H NMR Chemical Shift. Biophys. Chem. 1995, 54, 67-73. 

 (47) Dimicoli, J.-L.; Helene, C. Complex Formation between Purine and 

Indole Derivatives in Aqueous Solution. Proton Magnetic Resonance Studies. J. Am. 

Chem. Soc. 1973, 95, 1036-1044. 

 (48) Williams, J. H. The Molecular Electric Quadrupole Moment and Solid-

State Architecture. Acc. Chem. Res. 1993, 26, 593-598. 

 (49) West Jr, A. P.; Mecozzi, S.; Dougherty, D. A. Theoretical Studies of 

the Supramolecular Synthon Benzene . . . Hexafluorobenzene. J. Phys. Org. Chem. 

1997, 10, 347-350. 

 (50) Dai, C.; Nguyen, P.; Marder, T. B.; Scott, A. J.; Clegg, W.; Viney, C. 

Control of Single Crystal Structure and Liquid Crystal Phase Behaviour Via Arene-

Perfluoroarene Interactions. Chem. Commun. 1999, 2493-2494. 

 

 

Tables 

Table 1: Parameters extracted from the fitting of eq 13 to the experimental data 

presented in Figure 3. 
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Sample a1 b1 (M) a2 b2 (M) a0 

2FP -0.899 0.019 -0.713 0.877 0.909 

3FP -0.639 0.017 -0.917 1.096 1.09 

4FP -0.283 0.059 -0.852 1.202 1.05 

 

Table 2: Percentage amplitudes for the two components of eq 13 fitted to the data in 

Figure 2. 

Sample a1 component a2 component 

2FP 53% 47% 

3FP 46% 54% 

4FP 41% 59% 

 

Table 3: Equilibrium constants for the association of sunset yellow obtained from the 

concentration dependence of the 1H chemical shifts using the isodesmic model (eq 

3).14 

Sample Keq (M) 

SSY only 6.7 ± 0.3 

SSY + 1% 2FP 8.5 ± 0.5 

SSY + 1% 3FP 7.6 ± 0.3 

SSY + 1% 4FP 6.8 ± 0.3 

 

Table 4: Equilibrium constants for the association of fluorophenol and sunset yellow 

obtained from the concentration dependence of the 19F chemical shifts using the 

modified isodesmic model (eq 9).14 

Sample K1 (M) K2 (M) 
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SSY + 1% 2FP 0.5 ± 0.7 5.2 ± 57 

SSY + 1% 3FP 0.1 ± 0.1 1.3 ± 3.8 

SSY + 1% 4FP 0.6 ± 0.4 1.3 ± 9.8 

 

Figure Captions 

Figure 1: Structure of the hydrazone tautomer 1 of sunset yellow, with the three 

isomers of fluorophenol used. 

 

Figure 2: Diffusion coefficients for sunset yellow in the absence and presence of 3-

fluorophenol, measured from 1H for sunset yellow and 19F for 3-fluorophenol. Note, 

the filled triangle and circle symbols overlay extremely well. The data for the 3-

fluorophenol only sample is plotted at the corresponding sunset yellow concentration 

if it were to be present, i.e. the true concentrations are 1% of that on the abscissa. 

 

Figure 3: Associated mole fractions χasc calculated from the diffusion coefficient data 

for each of the three isomers of fluorophenol. The lines indicate the best fits to eq 13. 

 

Figure 4: Plots of the observed 1H chemical shift as a function of sunset yellow 

concentration in the (a) absence and (b) presence of 1 mol% 3-fluorophenol. The solid 

lines are the result of a global fit to the isodesmic model given in eq 5. 

 

Figure 5: (a) shows the 19F chemical shifts for 3-fluorophenol present in solutions of 

sunset yellow at a concentration of 1 mol%. The concentration values given on the 

figure are those for the sunset yellow. The spectra were acquired with equal numbers 

of transients. (b) shows the concentration dependence of the 19F chemical shift for 
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each of the three fluorophenol isomers. The solid lines are derived from fitting the 

isodesmic model using eq 9.14 
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